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► flange  configuration.  Both  the  static  and  cyclic  fatigue  lives  of  the  windc-  ' were  also  found 
to  be  independent  of  equatorial  flangg  configuration.  In  either  ease,  the  maximum 
acceptable  working  pressure  for  65®^75®^t^perature  range  was  found  to  be  1,000  psi. 
Only  by  elimination  of  the  O-ring  groove  in  the  bearing  surface  of  the  window  flange  and  the 
use  of  a thin  neoprene  bearing  gasket  between  the  acrylig  flange  and  the  steel  seat  is  it 
possible  to  extend  the  working  pressure  for  65®^  7S®1'  (18.5°  to  24.1°C)  temperature 
range  to  2,000  psi.  Operating  the  flanged  windows  at  pressures  in  exces.s  of  the  safe  working 
pressures  shown  above  will  generate  fatigue  cracks  in  the  bearing  surface  of  the  flange  in 
less  than  1,000  pressure  cycles;  at  5,000-psi  pressure  the  cyclic  fatigue  life  decreases  to  less 
than  100  cycles.  . 
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INTRODUCTION 

Since  its  introduction  into  the  hydrospace  field  by  Professor  Auguste 
Piccard,  acrylic  plastic  has  become  the  acknowledged  standard  material  for 
windows  in  subraersibles,  diving  bells,  and  hyperbaric  chambers.  Several 
shapes  have  been  developed  over  the  years  for  the  acrylic  windows. 

The  most  common  shape  is  the  plane  conical  frustum.  Its  behavior 
under  hydrostatic  loading  has  been  extensively  researched  and  its  design 
criteria  well-established  [1-5].  A somewhat  less  common  shape  is  a plane 
circular  disc  [6,7].  Its  application  has  been  confined  to  pressures  under 
1,000  psi;  as  for  greater  pressures,  the  retaining  flanges  become  too 
bulky. 

The  spherical  shell  sector,  whose  included  spherical  angle  can  vary 
from  30  to  180  degrees,  has  been  used  only  recently  for  undersea  systems. 
Considerable  effort  has  been  devoted  to  understanding  the  characteristics 
of  this  window  because  the  spherical  surfaces  endow  such  windows  with 
increased  field  of  vision  and  resistance  to  hydrostatic  pressure  (8,9). 

In  parallel  with  the  research  into  structural  and  optical  properties  of 
spherical  shell  sector  windows,  investigations  have  been  conducted  into 
the  problems  associated  with  economical  fabrication  of  large  diameter 
windows  for  the  whole  depth  range  (10,11,12]. 

Because  spherical  shell  sector  windows  are  not  as  easy  to  retain  in 
their  flanges  as  plane  conical  frustum  or  plane  disc  windows,  considera- 
tion has  been  given  to  equipping  Che  spherical  shell  sector  windows  with 
integral  flanges  (13, lA]*  Such  flanges,  however,  generally  introduce 
bending  moments  and  stress  concentrations  into  the  otherwise  uniformly 
stressed  spherical  window.  To  assess  the  effects  of  flanges  on  the  stress 
distribution  in  spherical  windows  an  experimental  study  was  undertaken; 
the  results  of  Chat  study  form  the  body  of  this  report. 


BACKGROUND 

E'luatorial  flanges  on  spherical  shell  sector  windows  are  sometimes 
the  byproduct  of  the  fabrication  process,  while  at  other  times  they  are 
the  planned  result  of  engineering  design.  The  fabrication  processes 
which  produce  equatorial  flanges  on  acrylic  hemispherical  shells  are 
therraofortaing  techniques  utilising  either  compressed  air  or  mechanical 
plungers  ^Figure  1).  In  cither  ease,  an  equatorial  flange  is  produced 
whose  thickness  is  equal  to  chat  of  the  acrylic  sheet  utilised  in  therao- 
foralng. 
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After  completion  of  the  thermoforming  process,  the  flanges  can  be 
removed  by  machining  so  that  the  end  product  is  a flangeless  hemisphere 
whose  structural  response  has  been  studied  both  analytically  and  experi- 
mentally in  the  past.  The  removal  of  the  flange  by  machining  is,  however, 
an  expensive  operation  that  increases  the  cost  of  the  end  product  approxi- 
mately 100%.  The  thermoforming  fabrication  techniques  for  acrylic  hemi- 
spherical shells  would  be  more  economically  competitive  if  an  equatorial 
flange  could  be  tolerated  from  the  structural  viewpoint. 

Furthermore,  an  equatorial  flange  on  the  acrylic  hemisphere  can 
often  be  used  in  securing  the  window  to  its  seat  in  the  viewport.  This 
is  of  particular  importance  if  the  window  is  exposed  during  a typical 
operational  cycle  not  only  to  external  but  also  to  internal  pressure. 

Also,  the  flange  can  serve  as  a convenient  location  for  the  pressure 
seal.  Since  exploratory  studies  conducted  in  the  past  (13  and  14]  have 
shown  that  an  equatorial  flange  does  not  decrease  significantly  the 
short-term  strength  of  acrylic  plastic  hemispherical  shells,  it  appeared 
worthwhile  to  investigate  further  the  concept  of  flanged  hemispherical 
windows . 

The  flanged  hemispherical  shell  windows  tested  in  the  first  explora- 
tory study  utilized  flanges  with  a sharp  right-angle  heel  (14).  The 
sharp  heel  was  chosen  at  that  time  as  it  was  shown  by  another  study  (13) 
that  a well-rounded  heel  on  the  flange  may  generate  excessive  bending 
moments  in  the  shell  accompanied  by  a high  positive  flexural  stress 
component  on  the  interior  and  a high  negative  flexural  stress  component 
on  the  fxterior  surfaces  in  the  Immediate  vicinity  of  the  flange-shell 
interface.  It  was  felt  that  further  studies  on  flanged  acrylic  hemi- 
spherical shells  should  include  a curvature  at  the  heel  and  the  instep  of 
the  flange  to  simulate  better  the  appearance  of  typical  flanged  hemi- 
spheres produced  by  thermoforraing  processes. 


STUDV  PARANKTllRS 


of  the  study  was  to  establish  the  safe  operational 
pressure  for  typical  flanged  hemispherical  shells  of  acrylic  plastic 
utilixed  in  pressure  vessels  for  human  occupancy. 

The  ajpg^roach  chosen  was  to  fabricate  and  test  representative  flanged 
acrylic  plastic  hemispherical  shells  under  short-term,  long-term,  and 
cyclic  pressure  loadings  until  signs  of  failure  appeared. 

The  scope  of  the  study  was  limited  to  a single  thickness  over  inside 
diameter  (t/D. > ratio  and  two  flange  configurations  (Figures  2 and  3). 

The  t/D.  ratio  chosen  was  0.192,  equal  to  .a  t/R^  ratio  of  0.364,  This 
ratio  wjis  considered  to  he  adequate  for  working  pressures  in  the  l.OOO- 
to  2,000-psi  range  based  on  the  short-term  collapse  data  from  a previous 
study  on  flangeless  acrylic  plastic  hemispherical  shells. 


TEST  SPECIMENS 


The  flanged  test  specimens  of  acrylic  plastic  hemisphere  were  fabri- 
cated by  therraoforraing  3-inch-thick  Plexiglas  G stock.  The  thermoforming 
process  consisted  of  forcing  an  appropriately  shaped  metallic  plunger  into 
the  acrylic  stock  supported  by  a metal  ring  on  four  legs  (Figures  4 and  5). 
The  wall  thickness  of  the  extrusion  was  found  to  be  more  uniform  than  in 
hemispheres  thermoformed  by  free  blowing  with  compressed  air  [13].  The 
hemispherical  extrusion  was  subsequently  machined  on  the  outside  and 
inside  to  give  the  shell  appropriate  thickness,  in  and  around  the  flange 
particularly. 

Since  the  thermoforming  process  produced  flanges  that  could  be 
economically  modified  to  another  shape,  if  so  desired,  the  test  specimens 
were  equipped  with  either  a Type  I or  a Type  VI  flange  (ligures  2 and  3). 
Twenty-four  flanged  windows  were  fabricated;  10  were  equipped  with 
Type  I and  14  with  Type  VI  flanges.  Each  window  was  identified  by  a 
capital  letter. 

The  Plexiglass  G material  utilized  in  the  thermoforming  process  met 
all  the  minimum  physical  requirements  specified  for  man-rated  windows 
by  the  Navy  and  the  American  Society  of  Mechanical  Engineers  [15]. 


TEST  SETUP 
Flanges 

The  flanged  windows  were  tested  on  thick  circular  discs  machined 
from  low  c.. rbon  steel  (Figure  6).  The  steel  test  flanges  were  equipped 
with  a central  opening  through  which  strain  gage  wires  could  be  passed 
from  inside  the  window.  Holes  around  the  circumference  of  the  steel 
test  flange  were  used  for  attaching  the  test  flange  to  the  vessel  end 
closure  adaptor  plate  and  for  securing  the  window  to  the  flange.  A 
smooth  surface  was  provided  on  the  steel  test  flange  to  minimize  slid- 
ing friction  between  the  contracting  window  and  the  test  flange. 

Pressure  Vessels 

For  the  testing  of  flanged  windows  both  the  18-  and  9.5-inch- 
diameter  pressure  vessels ',were  utilized.  The  window  was  secured  with 
a retainer  ring  or  rubber  hands  to  a steel  test  flange  vltich.  in  turn, 
was  attached  to  a pressure  vessel  closure  adaptor  that  screwed  directly 
into  the  vessel  end  closure.  Since  the  steel  test  fl.inge,  vessel 
closure  adaptor,  and  vessel  end  closure  were  equipped  with  a central 
opening,  electric  strain  gage  wires  and  a mechanical  dial  indicator  rod 
could  pass  from  the  window  interior  to  the  ves'el  exterior. 

Some  of  the  vessels  were  provided  with  insulated  jackets  cont.-iining 
heatiftg  and  cooling  coils.  In  thesse  vessels  the  temperature  could  be 
maintained  within  narrow  limits.  In  other  vessels  the  tec^raiure  of 
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the  pressurized  water  could  be  maintained  only  v'thin  a wide  range  as 
the  uninsulated  vessels  would  rapidly  follow  the  diurnal  temperature 
variations  inside  the  uninsulated  laboratory  building.  As  a result,  the 
ambient  test  temperature  in  these  vessels  during  the  pressure  testing 
of  windows  over  a period  of  24  months  varied  from  a low  of  65  F to  a 
high  of  ?5^'F. 

Inst  rumen t a t ion 

The  instrumentation  for  the  pressure  vessel  consisted  of  a Bourdon 
type  pressure  gage  and  a remote  reading  thermometer.  The  pressure  gage 
could  be  read  within  50-psi  Intervals  and  the  thermometer  within  1 F. 

The  instrumentation  for  the  acrylic  plastic  window  undergoing 
hydrostatic  testing  consisted  of  rectangular  1/8  inch  long*  electrical 
resistance  strain  gage  rosettes  located  on  the  interior  face  of  the 
windows  and  a mechanical  dial  indicator  measuring  the  radial  displace- 
ment of  the  window's  apex  within  0.001  inch.  The  strain  gages  were 
attached  to  the  acrylic  at  specific  locations  (Flgur?  7)  with  M-Bor.d  200 
cement  and  subsequently  waterproofed  with  Dow  Corning  3140  room  tempera- 
ture vulcanizing  silicone  rubber  coating. 

T!ie  strains  were  recorded  by  a 100-channel  B 4 F automatic  data 
logger  with  magnetic  tape  data  storage  and  digital  paper  tape  printout. 
Thi.s  recording  unit  was  capable  of  recordii\g  at  a rate  ot  either  1 or  10 
channels  per  second.  As  a rule,  the  10-channel/second  recording  rate 
was  utilized  during  pressurization  and  the  1-channel /second  rate  during 
sustained  loading  of  window  specimens. 

Test  Procedure 

The  bearing  surface  of  the  window  flange  was  coated  with  silicone 
grease,  a 1/8- inch-diameter  0-ring  was  placed  into  the  groove  in  the 
window  flange,  and  the  whole  assembly  was  carefully  placed  on  the  steel 
test  flange.  Strain  gage  wires  were  fed  through  the  opening  in  the 
steel  test  flange  to  the  outside  of  the  vessel  end  closure,  and  the  dial 
indicator  rod  wa.s  centered  on  the  window's  low-pressure  face. 

To  secure  the  window  to  the  .steel  test  flange,  either  steel  retaining 
rings  or  elastic  hands  were  employed.  The  steel  rings  were  prtmrily 
utilized  in  the  1 8- inch-diameter  pressure  ves.sel  (Figure  8)  while  the 
elastic  hands  were  used  to  secure  the  windows  to  the  steel  test  flange 
in  the  9.5-inch  diameter  pressure  vessel  (Figure  9).  In  hiUh  cases, 
the  radial  restraint  Imposed  on  the  window  flange  was  minimal,  only 
sufficient  to  compress  the  0-ring  for  proper  sealing. 

After  the  window  was  secured  to  the  steel  test  flange,  the  interior 
of  the  pressure  ves.sel  was  pressurized  with  tap  water  at  a 650-psi/wimsic 
rate  utilizing  a positive  displacement  air-driven  pump. 


* 
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TEST  I’ROCRiXM 


The  experimental  test  program  was  designed  to  establish  the  maximum 
safe  working  pressures  for  the  two  types  of  flanged  windows.  On  the 
basis  of  experimental  data,  the  two  types  of  windows  could  be  compared 
to  each  otlier  and  to  windows  of  the  same  geometry  without  a flange.  The 
maximum  safe  working  pressure  was  to  be  established  by  subjecting  the 
windows  of  Type  I and  VI  to  a series  of  tests  that  would: 

(1)  iikovt~tem  cvitioal-vvessjure  (STOP)  by  pressurizing 
windows  at  a standard  rate  of  650  psi/minute  until  failure  occurred. 

(2)  Pe:ei‘f’r!>ie  loyig-tem  ovLtical  by  maintaining  a constant 

sustained  pressure  loading  until  failure  occurred. 

(3)  (.‘■ucLir  j'l  ljuc  life  by  subjecting  the  windows  to 
cyclic  pressure  loading  until  failure  occurred.  The  pressure  cycles 
employed  in  the  te.st  program  consisted  of  (a)  pressurizing  the  window 

at  650  psi/minute  to  a specified  pressure,  (b)  holding  that  pressure  for 
7 hours,  (c)  depressurizing  to  zero  pressure  at  a rate  of  650  psi/minute, 
and  finally  (d)  relaxing  at  zero  pressure  for  at  least  17  hours  before 
the  next  cycle  was  started.  This  cycle  is  termed  for  the  purposes  of 
this  report  the  "standard  load  cycle." 

Since  there  were  more  tests  planned  than  the  available  number  of 
windows,  some  windows  had  to  be  used  in  more  than  one  test.  Two  windows 
Were  modified  after  testing  to  establish  the  effect  of  structural 
modificiition  to  the  flange.  In  one  case  the  rounded  heel  of  the  flange 
on  Type  I window  E was  replaced  with  a square  heel  to  become (D while  in 
the  other  case,  the  flange  was  removed  completely,  converting  the  Type  1 
window  1 into  a true  hemisphere©.  All  of  tl»e  tests  to  which  the  win- 
dows were  subjected  have  been  summarized  in  Tables  I through  5. 


TEST  UBSi-m'ATlONS 

Short-Term  Critical  Pressure  Tests 

Pressure.  Five  uindowr.  were  subjected  to  continuous  pressurization 
at  the  standard  rate  of  6'D  psi/mlu Jte  until  they  failed  (Table  1)  (win- 
dows Y and  7.  had  been  tested  previonsly).  Window  Y had  endured  long- 
tem  hydrostatic  testing  at  2,000-psl  pressure  without  .any  visual  daeiitge. 
Window  ?.  had  been  pressure-cycled  twice  to  8,000  psi  with  a rubber  gasket 
and  had  suffered  some  erasing  and  a fev  slight  cracks  in  the  seating 
surface.  The  two  Type  t windows  tested  had  an  aver.tge  sh>  -{  term 
critical  pressure  of  11»,310  psi  while  the  three  Type  VI  windows  had  an 
average  critical  pressure  of  H.700  psi. 

H'Vlc.s  of  Failure.  All  the  windows  that  failed  did  so  eat.ast  rophic- 
ally  after  cracking  sounds  h.id  been  heard  for  a short  lime.  Extensive 
f ragwentat ion  tiH«k  place  in  .-ill  these  cases. 
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Tabic  1.  Short-Term  C.ntical  Pressure  Tests 


Window 

rUngc 

Type 

Test 

Temperature 

('’n 

Location  of 
Strain  (iage^ 
<l  igure  7) 

Displacement 

Short-Term 
Critical  I’fcssure 
Ipsi) 

Principal  Kesulls 

A 

1 

a 

ye*i 

14.1KK) 

Lat;Lstraphic  failure 

u 

1 

a 

14.620 

Catastrophic  iailurc 

C 

1 

a 

A.  C.  K 

Test  stopped  at 
12,500psi  and  dv- 
pressuri/cd  to  zero 

s 

VI 

a 

A.  C.  K 

14.5.tO 

Caiastrophic  failure 

yb 

VI 

71 

1-1.325 

Catastrophic  failure: 
bottom  plug  blowe  it 
of  pressure  resset  tt 
the  same  imic  the 
window  failed 

/‘ 

VI 

70 

L___ 

15.223 

Catastrophic  failure 

'*Roomicmperaluri;  iiol  s(h;ci(ic»lly  reeorjrj. 

^Window  WAS  prev luudy  (vsted  psi  (•«?<■  T»htc  3). 

‘ Window  was  ptevioudy  toted  at  {MHMl  p»i  with  a gasket  (wx  Table  4), 


Table  2.  I.ong-Tcrm  Critical  Pressure  Tests 


Window 

Hatige 

Type 

Average  Test 
Pressure 

(psi) 

Test 

Temperature 
,0|.  ) 

l.uvaliun  of 
Sitatn  tiages 
tf-igiirc  7) 

Pfinupal  Results 

D 

1 

V.670 

4 

A.  C. ». 

t^atasttuphiv  latiute 
alter  22  Norus 

J 

1 

m.ouu 

7$ 

A.  c.  y.  ti.  ( 

Catasttophts  latlofe 
altet  3 hours 

M 

1 

.1  7.675 

45  75 

A.  CM 

155  ttuutv 

O 

VI 

V.7O0 

4 

A.tM* 

C»tA«t»ophh  fadute 
alter  Is  hottfs 

P 

VI 

s |4.ti00 

4 

A.P* 

4?lrf  ft 

V 

VI 

>11.1100 

4 

A.c.|7' 

allrf  42 

t 

VI 

> ««5« 

4 

A.  C.  T* 

4fHt 

VI 

«vU.W0M 

7t‘7? 

«ftrt  a 5 hvK9i 

* ItoeWH  terttpetatste  not  •iwetiwally  teCsHtlnl. 

^C.i^  (unrtwtted  Rtopetly. 

(aiied  ptotwtuteSy. 

‘^Wtndow  ««« {Hotou<*v  tewd  at  4,400 pm  (n«  it>i  Imwis  Iwe  Tabic  3) 
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Table  3.  Long  Term  Tests  Without  Implosion 


Window 

Flange 

Typo 

Average  Test 
Pressure 
(psi) 

Test 

Temperature 

(“F) 

Location  of 
Strain  Gages 
(Figure  7) 

Oispiacement 

Duration 
of  Loading 
(hours) 

Principal  Results 

E 

I 

4,000 

a 

A.C,  E 

- 

240 

Some  circumferential 
cracks  in  the  bearing 
surface  on  the  flange 

1 

I 

2,000 

75-76 

A,  B.  C. 
D.  F..  F. 
G,  H.  1 

269 

No  cracks  or  crazing 
detectable  by  visual 
inspection 

VI 

7,000 

a 

A,  C,  U 

139 

Extensi  ’c  crazing  and 
large  circumferential 
cracks  in  scat:  one 
crack  penetrating  to 
outside 

R 

VI 

4,000 

a 

A.C,  E 

- 

262 

Some  crazing  and 
shallow  cracks  in  scat 

U 

VI 

8,000 

a 

312 

Window  flange  sheared 
off ; numerous  cracks 
and  extensive  crazing 
of  seating  surface;  seat 
conical 

Y 

VI 

2,000 

71-73 

A.  B.  C, 
D.  K.  F. 
G.  H.  1 

119 

No  cracks  or  crazing 
detectable  by  visual 
inspection 

Y 

VI 

2,000 

72 

A.  B.  C. 
D.  E.  F. 
G.  H.  1 

7 

No  cracks  or  crazing 
detectable  by  visual 
inspection 

W 

VI 

2.000 

71-7J 

yes 

95 

No  cracks  or  crazing 
detectable  by  visual 
inspection 

“ Room  temperature  not  speeifically  recorded. 

^Rubber  gasket  u«d  instead  of  O-ring;  window  previously  tested  to  2,000  psi  without  gasket. 


Deformation  Under  Short-Term  Loading.  At  the  standard  rate  of 
pressurization  of  650  psi/minute,  the  compressive  strain  recorded  by 
the  strain  gages  increased  in  direct  proportion  to  the  pressure  up  to 
about  4,000  psi  (Figure  10).  Above  this  pressure  the  strain  began  to 
increase  more  rapidly,  thus  Indicating  the  nonlinearity  of  stress  versus 
strain. 

Tl.e  strain  produced  in  the  wixidow  in  the  linear  range  varied  accord- 
ing to  direction  and  location  of  the  strain  gages.  At  the  apex,  the 
strain  was  approximately  the  same  in  all  direct  ion, s with  little  change 
in  magnitude  from  one  point  to  another  (Figures  11,  12,  and  13).  Moving 
away  from  the  polar  area,  the  circumferential  strain  increased  by  an 
average  of  22^  for  the  Type  I windows  and  by  an  average  of  14X  for  the 
Type  VI  windows  (Figure  11),  and  at  the  same  time,  the  meridional 
strains  fell  off  sharply  to  small  values  (Figure  12). 
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Tabic  4.  Cyclic  Tests 


Window 

Flange 

Type 

Test 

Pressure 

(psi) 

Test 

Temperature 

<"F) 

Location  of 
Strain  Gages 
(Figure  7) 

Number  of 
Pressure  Cycks 

Principal  Results 

I" 

1 

2,000 

70-7S 

A.  B,  C. 
D.  K.  F. 
G.  H.  1 

58 

Cracking  in  window- 
bearing  surface  developed 
between  cycle  No.  3 3 
and  last  cycle 

.1 

1 

10,000 

75 

A.  C.  K. 
G.I 

1 

Window  failed  cata.stru- 
phically  after  about  3 
hours  of  first  pressua- 
cycle 

K 

1 

8.000 

69-72 

F 

1 

Window  failed  during 
first  cycle  by  cracking 
along  flange,  causing 
leaKagc  when  pressure 
was  released 

M 

1 

6,000 

66-73 

A.C.t 

22 

Window  developed  cracks 
during  second  eyclci 
leaked  after  iwenty-seeund 
cycle 

BB 

VI 

68-72 

I 

2 

Small  cracks  and  era/ing 
of  bearing  surface  after 
ftr»:  cyelci  window  leaked 
after  second  cycle 

VI 

8.000 

70-72 

A.C.U 

2 

Some  era/ing  and  three 
very  shallow  er'*vks  in 
bearing  surface  after 
second  cycle 

AA 

VI 

6.0UU 

66-73 

22 

Crack  along  O-ring  groove 
!>fter  third  eyele;  cracks 
and  era/ing  in  bearing 
surface  after  fifth  eyele 

X 

VI 



S.OOO 

68  73 

R 

40 

Cca/ing  of  Iwaring  surfaev 
develo(>ed  between  second  1 
and  iUth  eyc'lev  cracks 
m hearing  surlact  develcs- 
ped  between  tsvet-.tswecond 
and  lwenl)i  .s-'vetth  .yele» 

^ThU  winttow  vf«  picviuutly  «c*iitd  u«ikf  sutiaincJ  loaUinp  ai  J.OOO  p»i  ZaUc  J). 
A wln<laik  was  pivsuiructl  «o  faituiv  \w><ier  stuM^tc(m  Wajiaptscc  Tiblc  U- 


The  circumferential  strain  varied  tmly  moderately  from  test  to  test, 
the  maximuT)  deviation  ft-ora  the  average  of  any  test  being  only  about  bZ 
Tor  the  Type  X windows  and  about  10?  for  the  Type  VI  windows  (Figure 
U).  For  the  strain  in  the  meridional  direction,  there  was  a similar 
spread  in  the  data  for  the  polar  area.  Closer  to  the  edge,  however, 
the  meridional  strain  varied  markedly  f.-oa  test  to  test  and  at  gage 
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Tabk‘  5.  Cyclic  Tests  of  Modified  Windows 


Window 

Mudification 

Test 

Test 

Temnerature 

<°l) 

— — 1 

Location  of 
Strain  Cages 
(Figure  7) 

Principal  Results 

O-ring  groove  and 
rounded  heel  re- 
moved by  machin- 
ing. Ukc  glued  on 
to  restore  original 
dimensions,  bur 
with  a sharp  heel 
on  the  tiange 

H pressure 
cycles  at 
2,000  psi 

68-72 

A,C,  E 

Some  change  in  strain 
distribution  compar-d 
to  windows  with  rounded 
heel:  10  cycles  performed 
with  neoprene  bearing 
gasket  and  1 cycle  with- 
out 

O-ring  groove  and 
rounded  seat  cor- 
ner removed  by 
machining.  Disc- 
glued  on  to  restore 
original  dimensions 
but  with  a sharp 
heel  on  the  flange 

1 cycle  at 
h.OtX)  psi 

70-74 

A.  C.  E 

Window  hearing  surface 
almost  unharmed.  Win- 
dow cracked  radially 

Flange  and  cylindri- 
cal part  removed  by 
niachining 

7 cycles  at 

68-72 

A.  C.  E 

The  strains  are  more  uni- 
form aii  over  the  interior 
surface  of  the  window 

O'- 

Hange  and  cylindri- 
cal part  rernovrd  by 
machining 

2 cycles  at 
h.UUd  psi 

70-75 

•A.C.  H 

No  cracks  observed  on 
the  hearing  surface  or 
anywhere  else  on  the 
window 

Window  wto  toted  fot  240  hours  at  4,000  pd'prior  to  inodilication  (see  Table  }). 
^Window  was  tested  for  269  hours  at  2.000  psi.  prior  to  modification  (see  Table  }). 


^ (Figurj  12)  the  results  were  almost  erratic,  particularly  for  the 
Type  VI  windows.'  The  cause  of  this  large  spread  has  not  been  investi- 
gated. 

At  hydrostatic  pressures  iin  excess  of  4,000  psi,  the  nonuni- 
form character  of  the  strain  ov»er  the  window  surface  was  exaggerated 
(Figure  14),  aifd  the  strains  were  higher  than  predicted  by  linear  extrap- 
olation of  the  strains  at  low  pressure.  Thus,  at  10,000-psi  external 
pre''..sure,  the  nonlinear  part  was  between  one-third  and  one-half  of 
the  linear  strain,  depending  on  location  (Figure  15). 

Displacement  of  Apex.  In  one  case,  the  displacement  of  the  windows 
at  the  apex  towards  the  center  of  the  sphere  was  measured,  life  specimen 
wa.s  a Type  VI  window  (window  W).  After  an  initial  phase  where  the 
window  seated  itself,  the  displacement  was  linear  with  pressure  up  to 
the  test  pressure  of  2,000  psi.  The  dlspl.ace«ent  per  ucift  change  of 
pressure  divided  by  the  Internal  radius  of  the  spherical  part  of  the 
window  was  3.5  x l0“Vpsi  (Figure  16). 
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Long-Term  Tests 


Tests  Resulting  in  Implosion.  Five  Type  VI  windows  and  three  Type 
I windows  were  pressurized  at  the  standard  rate  of  650  psi/minute  up 
to  the  tost  pressure.  The  test  pressure  was  maintained  constant  until 
failure  occurred. 

The  life  of  the  windows  loaded, this  way  varied  inversely  with  the 
test  pressure.  The  relationship  between  the  life  and  the  test  pressure 
was  nonlinear  with  a very  rapid  fall  off  in  life  above  approximately 
8,000  psi  (Figure  17).  The  spread  in  the  data  was  very  large  compared 
to  the  spread  in  the  magnitude  of  short-term  critical  pressures, 
indicating  that  long-term  test  parameters,  like  temperature,  were  not 
maintained  within  a sufficiently  narrow  range  to  preclude  large  spread 
in  test  data. 

In  all  cases  of  failure  under  long-term  loading,  the  failure  was 
catastrophic,  resulting  ■'.n  heavy  fragmentation  of  the  windows  (Figures 
18  "hrougl;  26V  Topically,  the  force  of  Implosion  blew  a hole  in  the 
window  dome  producing  grain  size  fragments  of  the  blom-out  material. 

The  resc  of  the  dome  stayed  relatively  intact,  although  it  was  always 
fractured  radially  into  several  pieces  (Figure  21).  In  addition  to  the 
’•adial  fractu'  as,  a large  number  of  in-plane  fractures  occurred.  The 
number  of  in-plane  fractures  ‘ncreased  toward  the  interior  surface  of 
the  window.  The  outer  1/4  inch  or  st  of  the  wall  was  usually  not  lamin- 
ated (Figure  24). 

After  Implosion,  the  vlanges  were  found  to  be  separated  from  the 
main  body  of  the  windows,  li.  Type  i windows,  the  separation  was  all 
around  the  flange  (Figures  Id  and  19),  while  in  the  Type  VI  windows 
the  separation  was  partial  (Figures  20  iind  21).  The  flang''  separated 
from  the  dome  generally  before  implosion  occurred,  as  demonstrated  by 
window  U whose  long-tern  luading  was  terminated  prior  to  implosion 
(Figures  22  ana  23). 

The  window  flange  hearing  surfaces  fractured  during  the  tests  in 
the  ciccumfc-rentiai  direction  (Figure  25).  The  heel  (Inside  edge)  of 
the  flange  was  permanvncly  deformed,  resulting  in  the  formation  of  a 
'.sharp  edge  that  contrasted  snarnly  with  the  original  wel  i-roui’.ded-heel 
geometry  (Figure  25).  Th?  deformed  fi  igments  also  slnwed  tha.,  the 
thickness  of  the  wall  ahov*'  the  flastge  ""rmanent ly  incr-ased  by  about 
25S  of  the  orlgimil  thickitess  (window  J).  A similar  increase  vjas  observed 
in  the  width  of  the  flassge  measured  oet'-*t.n  the  In.side  edge  of  the  heel 
and  the.  0- ring  groove.  The  height  of  the  flange,  however,  was  unchanged 
(Figure  25).  These  observation.^  we.-,'  further  confirmed  by  a study  of 
the  (ra^ents  of  window  I'  (Figure  26). 

Tepts  Terminated  Fr tor  to  Implosion,  tv-.i  ,ypi>  1 and  i Ive  Type  VI 
-windows  were  subjected  to  long-term  of  varying  length'.md  at 

different  pre.sshres  (T,able  3). 

At  2,000  p.sS,  no  visible  damage  wan  caused  durin-.  the  269  hours  of 
loading  on  window  t at  75  F.  Tlu'  wituitHi.'  strains  telaxed  completely 
•liter  the  lis  t (Figure  27). 


to 


At  4,000  psi,  some  cr.azing  and  shallow  cracks  were  observed  in  Che 
seat  of  window  R when  inspected  after  262  hours  (Figure  28).  Also,  this 
window  relaxed  completely  after  the  test.  All  strain  gage  readings  were 
within  100  yin. /in.  of  the  reading  before  the  test  after  a relaxation 
time  of  about  100  hours.  The  bearing  surface  on  the  flange,  however, 
had  some  permanent  deformation,  producing  a slight  conical  shaped  surface 
similar  to  that  shown  in  Figure  22. 

At  7,000  psi,  window  Q suffered  extensive  crazing  and  several  large 
cracks  at  the  seat  duriisg  the  439-hour  test  (Figures  29  and  30).  In  this 
window,  the  strain  in  the  polar  area  averaged  0.056/in./in.  at  the  end 
of  the  creep  period.  But  even  so,  after  about  100  hours  of  relaxation, 
the  strain  in  this  area  was  within  0.001  in. /in.  of  the  reading  before 
the  test.  Significant  permanent  deformation  was  observed  in  the  bear- 
ing surface  cf  the  flange,  transforming  it  from  a plane  to  a conical 
surface. 

At  8,000  psi,  window  U lasted  312  hours  without  imploding;  the 
window  was,  however,  severely  damaged.  The  flange  had  separated  and 
the  bearing  surface  was  deformed  into  a conical  surface  which  had  sever- 
al large  cracks  in  it  (Figures  22  and  23). 

In  those  tests  where  the  pressure  was  kept  constant  for  a long 
period  of  time,  the  strain  on  the  interior  surface  did  not  become  ten- 
sile at  the  end  of  the  relaxation  period. 

Deformation  Under  Long-Term  Loading.  At  10,000  psi  (70%  of  STOP) 
of  external  pressure,  the  strain  increased  very  rapidly  after  pressuri- 
zation was  completed.  The  increase  was  largest  in  the  vjindow  areas  that 
already  had  the  largest  strains.  Thus,  the  unevennesses  of  the  window 
deformation  already  apparent  after  pressurization  became  more  pronounced 
with  time  (Figure  31).  As  evident  from  the  end  result,  the  rate  of 
deformation  at  10,000  psi  was  so  high  that  after  a few  hours  the  window 
became  so  plastically  deformed  that  it  could  no  longer  sustain  the  load 
(window  J). 

At  8,000  psi  (56%  of  STOP)  and  lower  pressures,  the  strains  still 
increased  rapidly  immediately  after  the  end  of  pressurization.  The 
strain  rate  slowed  down  sufficiently,  however,  after  the  first  2 to  3 
hours  to  give  the  windovj  extended  life.  At  7,000  psi  (49%  of  STOP), 
window  Q did  not  fail  catastrophically  during  the  139  hours  the  pressure 
was  maintained.  At  8,000  psi,  the  unevenness  of  tite  window  deformation 
became  greater  with  time  (Figure  32),  just  as  for  the  window  tested  at 
10,000  psi  (Figure  31).  At  lov,*er  pressures,  this  tendency  became  less 
pronounced  and  at  2,000  psi  was  hardly  noticeable  (Figure  33). 

At  moderate  strain  levels,  the  deformation  of  the  windows  appeared 
to  be  quite  symmetrical.  11»is  was  evident  from  the  measurements  on 
windows  I,  V,  and  J,  which  had  strain  g.ages  on  both  sides  (Figure  13. 

31,  and  33).  In  these  eases,  all  three  g.iges  of  the  rectangular 
strain  gage  rosette  at  the  apex  indicated  essentially  the  .same  strain 
values.  As  the  strains  increased  in  magnitude,  however,  the  differences 
in  the  readings  of  the  three  gages  at  the  apex  often  bec.ame  greater. 


This  occurrence  may  be  the  result  of  the  window  starting  to  lose  its 
sphericity.  In  the  case  of  window  J (tested  at  10,000  psi)  the  distri- 
bution of  circumferential  strain  appeared  to  be  symmetrical  at  the  end 
of  pressurization.  During  the  first  hour  under  pressure,  however,  the 
strain  increased  much  faster  on  one  side  than  on  the  other  indicating 
that  the  window  was  losing  its  spherical  shape  (Figure  31). 

Taking  into  account  the  scatter  in  data,  no  significant  difference 
was  observed  in  the  time-dependent  deformation  of  the  two  types  of  win- 
dows (Figure  34).  In  both  cases,  the  location  on  the  window  that  had 
the  highest  strains  at  the  end  of  pressurization  also  had  the  highest 
strain  throughout  the  creep  period.  In  both  cases,  the  strain  distri- 
butiv  n became  more  uneven  as  time  went  on  (Figures  32  and  35). 

The  strain  in  the  window  after  any  given  duration  of  sustained  load 
was  found  to  be  a nonlinear  function  of  the  load.  Thus,  after  1 hour  at 
4,000  psi,  the  strain  at  the  apex  of  the  window  was  approximately  2.1 
times  the  strain  after  1 hour  at  2,000  psi.  After  1 hour  at  10,000  psi, 
the  strain  at  the  apex  was  10  times  the  strain  after  1 hour  at  2,000  psi 
(Figure  36).  This  clearly  demonstrates  that  acrylic  material  becomes 
more  compliant  as  temperature  or  stress  is  increased.  If  the  additional 
strain  due  to  creep  alone  is  plotted,  the  nonlinear  behavior  becomes 
even  more  apparent  (Figure  37). 

As  noted  before,  long-term  loading  at  pressures  high  enough  to 
cause  catastrophic  failure,  also  caused  permanent  tensile  radial  strain 
in  the  dome.  By  measuring  the  thickness  of  fragments  of  the  dome  of  the 
imploded  windows,  the  average  permanent  radial  strain  was  found  to  vary 
from  about  25%  (0.25  in. /in.)  above  the  flange  to  about  12.5%  halfway 
between  the  flange  and  the  apex  (windows  J and  H)  (Figure  38). 

Cyclic  Pressure  Tests 

Fatigue  Life.  It  was  immediately  realized  after  initiation  of  cyc- 
lic pressure  testing  chat  the  fatigue  life  of  the  windows  would  be  lower 
than  expected. 

At  10,000  psi,  which  is  approximately  702  of  STCP,  the  test  specimen 
(window  J)  did  not  complete  the  first  cycle.  The  window  failed  catastro- 
phically after  about  3 hours. 

At  8,000  psi  (56%  STCP)  the  Type  1 (window  K)  cracked  during  the 
first  cycle  to  the  extent  that  when  the  pressure  approached  zero  at 
the  end  of  the  cycle,  water  filled  up  the  low  pressure  cavity.  The 
Type  VI  window  that  was  tested  at  8,000  psi  (window  UB)  developed 
similar  cracks  and  leakage  during  its  second  cycle. 

At  6,000  psi  (422  of  STCP)  the  Type  1 window  (window  M)  cracked 
catastrophically  during  its  twenty-second  load  cycle.  The  Type  VI  win- 
dow (window  AA)  tested  at  the  same  pressure  was  still  intact  after  22 
load  cycles,  but  Imd  deep  cracks  in  the  seat  area. 

At  5,000  psi  052  of  STCP)  crazing  of  the  seat  was  apparent  when 
the  Type  VI  window  (window  X)  was  inspected  after  the  sixth  pressure 
cycle.  Cracks  developed  in  the  seal  between  cycle  22  .nul  27,  luit  no 
leaks  occurred  before  the  test  was  terminated  after  the  lurtieth  cycle. 
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At  2,000  psi  (14%  of  STOP)  the  Type  I window  (window  I)  did  not 
show  any  change  after  33  pressure  cycles.  When  the  window  was  inspected 
again  after  the  fifty-eighth  cycle,  however,  a deep  crack  was  found  in 
the  flange  starting  from  the  0-rlng  groove. 

Modes  of  Failure.  In  all  cases,  cracks  Initiating  from  the  bearing 
surface  on  the  flange  were  the  cause  of  failure.  In  some  cases  (windows 
AA,  Figures  39,  40,  and  41;  and  I,  Figure  42),  the  first  sign  of  fatigue 
was  a crack  originating  from  the  O-ring  groove.  The  cracks  had  a charac- 
teristic half-moon  shape  when  viewed  from  the  side  and  appeared  to  be 
approximately  parallel  to  the  low-pressure  face  of  the  window  as  shown 
in  Figure  43. 

In  all  the  other  cases,  the  cracks  originated  at  the  bearing  surface 
of  the  flange  between  the  heel  and  the  0-ring  groove  and  were  always 
preceded  by  crazing.  The  crazing,  as  well  as  the  subsequent  cracks,  had 
the  same  orientation  as  the  cracks  originating  from  the  O-ring  groove 
(Figures  39  to  46).  The  cracks  not  originating  in  the  O-ring  groove  had 
the  characteristic  mushroom  shape  Instead  (Figures  39,  40,  41,  47,  and  48). 

Cracking  of  the  interior  face  occurred  in  two  Type  I windows 
(windows  M and(|j).  In  window  M,  the  failure  occurred  after  22  standard 
load  cycles  to  6,000  psi  and  consisted  of  three  fractures  running  in  the 
meridional  direction  originating  on  the  bearing  surface  of  the  window. 

One  of  the  cracks  ran  like  a meridian  across  the  apex  from  one  side  of 
the  window  to  another,  while  two  other  cracks  stopped  at  the  apex 
(Figure  49).  The  cracks  penetrated  between  25  and  50%  of  the  wall  thick- 
ness. On  the  inside  face  of  the  window,  the  width  of  the  cracks  varied 
from  close  to  zero  at  the  apex  to  about  0.040  inch  at  the  flange.  The 
entire  inside  surface  was  markedly  crazed  after  the  test  but  less  than 
on  the  bearing  surface  (Figure  50). 

Window (D failure  occurred  after  one  cycle  at  8,000  psi.  The  window 
had  previously  been  subjected  to  11  standard  load  cycles  at  2,000  psi 
and  a long-term  test  at  4,000  psi  for  259  hours.  After  the  long-term 
test,  but  before  the  cyclic  tests,  the  seat  of  the  window  was  machined 
down  to  remove  the  rounded  inside  edge  of  the  heel  and  the  O-ring 
groove.  An  annular  disc  was  bonded  in  its  place  to  restore  the  original 
height  of  the  flange.  U\\en  the  preSvSure  was  down  to  about  500  psi 
during  depressurization  from  8,000  psi  at  the  standard  rate,  three  or 
four  loud  cracks  were  !»eard  and  the  window's  interior  filled  with  water. 

Inspection  of  the  window (|) revealed  chat  spalling  had  taken  place 
on  the  square  edge  of  the  heel,  that  crazing  and  a number  of  shallow 
half  moon  cracks  had  formed  in  the  bearing  surface  of  the  flange,  and 
chat  the  interior  face  of  the  window  had  three  large  cracks  as  sluniat  in 
Figures  51,  52,  and  53. 

l.ow-pressure  leaks  developed  in  four  cases.  In  two  of  these  (win- 
dows BB  and  K,  both  tested  at  8,000  psi)  the  leak  was  due  to  the  circum- 
ferential cracks  prop-agat ing  through  the  flange  to  the  exterior  face  of 
the  windows  (Figure  54  and  55).  In  the  third  case  (window  M,  tested 
at  6,000  psi),  the  usual  circumferential  cracks  occurred  after  the 
second  cycle,  hut  the  window  did  not  develop  a leak  until  it  crackl'd  on 


13 


the  interior  face  after  22  load  cycles  as  noted  above  (Figure  49).  In 
the  fourth  case  (window (g) tested  at  8,000  psi),  a leak  occurred  after 
the  first  cycle. 

Deformation.  Deformation  of  the  windows  was  measured  with  electrical 
strain  gages  located  on  the  low-pressure  face  (Figure  7).  In  three 
tests  (windows  I,  M,  and  X),  where  such  measurements  were  performed,  it 
was  found  that  tensile  strains  were  bu-’ding  up  on  the  internal  face  at 
the  end  of  each  relaxation  period;  l.e.,  strain  datum  value  prior 
to  each  load  cycle  was  increasing  in  the  positive  sense.  The  tensile 
strains  had  a distribution  over  the  face  of  the  window  similar  to  the 
distribution  of  maximum  compressive  strains  at  the  end  of  each  load  cycle 
(Figures  56  and  57).  In  the  case  of  window  M,  this  buildup  of  tension 
on  the  inside  surface  caused  the  failure  of  the  window  — apparent  from 
the  radial  cracks  that  developed  during  the  twenty-second  load  cycle 
(Figure  49).  After  several  days  of  relaxation,  the  cracks  in  window  M 
were  actually  widening  as  time  went  on  indicating  that  the  interior  face 
was  contracting. 

The  rate  of  buildup  of  the  tensile  strains  on  the  window's  Interior 
face  increased  dramatically  with  magnitude  of  pressure  loading  during 
a typical  pressure  cycle.  During  pressure  cycling  to  2,000  psi  (win- 
dow I)  the  increase  in  tensile  strain  during  the  relaxation  period 
averaged  about  45  pin, /in. /load  cycles  performed  (Figure  58).  During 
pressure  cycling  to  5,000  psi  (window  X)  the  same  level  of  tensile 
strain  was  reached  in  3 cycles  that  it  previously  took  40  cycles  to 
reach  during  the  cycling  to  2,000  psi.  Also,  at  5,000  psi,  the  increase 
in  tensile  strain  per  cycle  was  no  longer  linear  and  increasing  rapidly 
(Figure  59).  At  6,000  psi,  the  tensile  strain  built  up  even  more  rapidly 
(Figure  60).  The  data  were  somewhat  scattered,  but  it  was  apparent 
that  the  buildup  rate  was  more  than  twice  that  observed  during  the 
pressure  cycling  to  5,000  psi. 

The  specimen  tested  at  5,00C  psi  (window  X)  hud  only  one  strain 
gage  rosette  (at  the  apes)  so  that  no  inforiw»Cion  was  obtained  about 
the  buildup  of  tensile  strain  at  other  locations.  Window  M,  which  was 
tested  at  6,000  psi,  however,  had  rosettes  also  at  locations  A and  C 
in  addition  to  one  at  the  pole.  This  test  confirmed  the  results  from 
the  test  on  window  1 at  2,000  psi,  i.e.,  that  the  strain  builds  up  even 
faster  closer  to  the  window  flange  than  at  the  apex.  The  data  from 
pressure  cycling  to  5,000  psi  (window  M)  show  appreciable  scatter  from 
cycle  to  cycle.  It  is  not  known  why  this  occurred  but  a contributing 
cause  may  have  been  that  in  some  cases  the  pressure  vessel  was  closed 
off  during  the  rela.xation  perit>d  instead  of  being  connected  to  the 
constant  header  lank.  If  the  vessel  was  closed  off,  the  e.\pansion  of 
the  window  would  e.ause  some  buildup  of  pressure  in  the  vessel  which 
would  tend  to  counteract  the  relaxation.  Unfortunately,  no  record  was 
kept  of  the  times  that  this  was  done. 

For  window  I the  cycling  at  2,{KK)  psi  did  not  lead  to  changes  in 
the  maximum  strain  prtniuced  during  each  separate  load  cycle;  i.e., 
the  strain  recorded  at  the  end  of  the  creep  period  minus  the  recording 
just  prior  to  pressurizat loo  was  very  close  to  the  s.i»e  for  all  cycles 
(Figure  56  and  57). 


U 


^•;*w 


The  same  behavior  was  observed  also  for  window  M cycled  at  6,000 
psi  (Figure  60)  and  window  X cycled  at  5,000  psl.  The  total  change 
of  strain  at  the  pole  of  window  M was  about  0.030  in. /in.  with  a ran- 
dom variation  of  less  than  2%  up  and  down.  The  total  change  of  strain 
at  the  pole  of  window  X was  about  0.024  in. /in.  and,  again,  the  variation 
was  less  than  ±2%. 

Modifications  of  Seating  Arrangement 

After  most  of  the  test  program  was  completed  but  during  the  initial 
stages  of  the  cyclic  tests,  it  became  apparent  that  the  cyclic  life  of 
the  Type  I and  Type  VI  windows  would  be  substantially  less  than  antici- 
pated. Compared  to  conical  frustum  windows  with  the  same  STCP,  the  cyclic 
fatigue  life  of  Type  I and  Type  VI  windows  was  significantly  less. 

Cyclic  fatigue  primarily  consisted  of  circumferential  cracks  in  the 
bearing  surface  of  the  flange  and  secondarily  of  radial  cracks  in  the 
low-pressure  face  of  the  window.  To  improve  the  fatigue  life  of  the 
bearing  surface  on  the  flange,  it  was  decided  to  try  the  following 
modifications: 

(1)  Remove  0-ring  and  use  a thin  neoprene  bearing  gasket  to  seal 
and  absorb  shear  strain. 

(2)  Remove  0-ring  groove  and  replace  the  rounded  heel  of  the  flange 
with  a square  heel. 

(3)  Remove  flange  and  cylindrical  part  of  window. 

Only  a very  limited  number  of  tests  were  performed  on  each  modification. 

Effect  of  Neoprene  Bearing  Gasket.  To  reduce  the  shearing  force  on 
the  acrylic  plastic  in  contact  with  the  steel  surface,  a soft  neoprene 
gasket  of  0,020-inch  thickness  was  bonded  to  the  bearing  surface  on  the 
window  flange.  The  gasket  consisted  of  nylon  cloth  coated  with  neoprene. 
The  0-rlng  used  previously  for  sealing  was  removed  from  the  groove  in 
the  window  flange,  and  the  gasket  was  placed  over  the  whole  bearing 
surface  on  the  flange,  before  assembly,  silicone  grease  was  applied  to 
the  steel  bulkhead  as  in  the  earlier  tests. 

TWO  tests  were  carried  out  with  this  arrangement.  The  first  was 
Type  I window  Z,  subjected  to  two  standard  pressure  cycles  at  8,000  psi. 
n<e  effect  was  very  marked.  The  acrylic  plastic  bearing  surface  pro- 
tected by  the  neoprene  gasket  was  only  slightly  damaged.  The  damage 
consisted  of  minor  erasing  of  the  bearing  surface,  reflecting  the 
pattern  of  the  weave  in  the  gasket  plus  three  very  shallow  cracks 
^Figures  61  and  62).  In  contrast,  the  two  windows  tested  at  8,000  psi 
without  the  gasket  (windows  K and  BB)  suffered  through- the-thickness 
cracks  after  two  cycles.  The  craging  and  small  cracks  in  the  seat  of 
window  Z almost  di.sappeared  after  the  window  had  relaxed  for  14  days 
after  the  test  (Figure  63)  in  atmospheric  environment. 

On  the  other  hand,  the  deformation  of  the  window  having  the  neoprene 
gijsket  was  not  signif  ic.ant  ly  clntnged  compared  to  the  deforta.’U  ion  of 
windows  seated  directly  on  steel.  In  me  linear  range  (up  to  approxi- 
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mately  4,000  psl)  the  strains  recorded  were  all  within  the  range  of 
earlier  tests,  (Compare  Figure  64  to  Figure  12.)  This  also  applied  to 
the  strains  recorded  at  pressures  above  4,000  psi  and  during  the  creep 
periods.  (Compare  Figure  64  to  Figure  34.) 

The  gasket  was  cut  during  the  vessel  cycling  to  8,00'>  psi.  Two 
cuts  were  found  in  the  circumferential  direction  at  the  inside  corner 
of  the  window  seat.  The  cuts  were  about  3 inches  long  and  located 
diametrically  opposite  each  other  (Figure  65)  . 

The  second  window  tested  with  the  neoprene  gasket  was  Type  VI 
(window  Y).  This  window  had  previously  been  tested  for  115  hours  at 
2,000  psi  (Table  3).  A neoprene  gasket  was  cut  radially  at  four  loca- 
tions about  halfway  through  to  enable  its  being  slipped  over  the  window 
without  having  to  disconnect  the  strain  gage  wires.  This  time  the 
neoprene  gasket  was  not  bonded  to  the  window  flange,  but  was  coated 
with  silicone  grease  on  both  sides.  The  window  was  tested  at  2,000  psi 
for  7 hours,  and  strains  were  recorded  both  during  the  pressurization 
and  the  creep  period.  As  in  window  Z,  the  strains  in  the  window  were 
not  significantly  changed  by  the  presence  of  the  gasket  (Figure  66). 

Effect  of  Rounded  Flange  Heel.  Window  E was  machined  down  about  1/4 
inch  to  remove  the  rounded  heel  and  the  0-ring  groove.  An  annular 
acrylic  plastic  disc  was  bonded  in  its  place  to  restore  the  original 
height  to  the  flange,  as  shown  in  Figure  67.  Finally,  the  window  was 
annealed  at  170°F  for  24  hours 

The  modified  wlnoow@wat;  subjected  to  10  standard  pressure  cycles 
at  2,000  psi  while  mounted  on  the  neoprene  gasket  and  one  standard  load 
cycle  at  2,000  psi  wi*'hout  the  gasket  sealing  but  jfith  silicone  grease. 
Finally,  window©was  tested  at  room  temperature  for  7 hours  at  8,000 
psi,  again  with  no  gasket.  The  intentions  of  the  tests  were  to  detei*mine 
whether  or  not  the  modifications  had  changed  (1)  strain  distribution  on 
the  interior  face  of  the  window,  (2)  buildup  of  tensile  strain  on  the 
interior  face  of  the  window  after  relaxation,  and  (3)  the  tendency  for 
the  bearing  surface  to  crack  under  >lgh  loading. 

The  change  in  strain  distribution  without  a gasket  as  measured 
after  7 hours  at  2,000  psi  was  quite  marked  near  the  heel  of  the  window 
while  the  strain  at  the  apex  was  changed  very  little  (Figure  68).  .As 
expected,  the  distribution  of  me  ‘lional  strain  became  more  uniform. 

The  10  cycles  with  a gasket  seal  produced  a steady  buildup  of 
tensile  strain  in  the  interior  fv;ce  of  the  dome  (Figure  69).  The  rate 
of  buildup  was  similar  to  that  nci-iured  earlier  in  Type  1 window  I 
tested  at  2,000  psi  without  gas!  iFi'.ure  58). 

In  the  final  test  consisting  of  one  standard  cycle  at  8,000  psl, 
no  gasket  was  used.  The  window  performed  norcuiUy  until  the  pressure 
reached  about  50Q  psi  during  depressurization  at  the  end  of  the  load 
period.  At  that  time  several  load  cracks  were  heard.  On  inspection 
aiterwards,  it  w«ts  seen  that: 

(')  the  seat  was  in  gotnl  condition  with  only  lu^uderate  crazing  and 
some  small  circumferential  half-ooon  cracks  less  than  1/1$  inch  deep.  So 
spalling  tiad  taker  place  on  the  sharp  flange  heel  (Figure  70). 


(2)  The  window  had  cracked  radially  in  the  meridional  direction 
on  the  inside  of  the  dome  (Figure  51). 

It  may  be  concluded  that  a square  inside  seat  edge  improves  the 
life  of  the  window  seat,  while  the  effect  on  the  tendency  for  the  dome 
to  crack  is  probably  small  or  absent. 

Effect  of  Flange  Removal.  Window  I was  machined  down  so  that  the 
entire  flange  was  removed  as  shown  in  Figures  71  and  72. 

The  modified  (^window  was  then  cycled  four  times  to  2,000  psi.  The 
first  and  the  fourth  cycle  consisted  of  23  hours  under  pressure  followed 
by  at  least  17  hours  of  relaxation.  In  the  second  and  third  cycles,  the 
pressure  was  held  for  7 hours.  At  the  end  of  the  23-hour  load  period  of 
the  fourth  loading,  the  pressure  was  raised  to  8,000  psi  and  held  at  that 
level  for  6-1/2  hours.  After  17  hours  of  relaxation,  window(|)was  finally 
pressurized  once  more  to  8,000  psi  for  7 hours.  At  2,000  psi,  the  win- 
dow deformed  uniformly  over  most  of  the  dome.  At  the  edge,  the  meridional 
strain  increased  somewhat  compared  to  the  level  at  the  apex.  The  circum- 
ferential strain  at  the  edge  was  slightly  lower  than  at  the  apex 
(Figure  73).  This  distribution  is  quite  different  from  the  dis*’ribution 
in  typical  Type  I flanged  window. 

After  the  two  cycles  to  8,000  psi,  window(|)was  removed  from  the 
vessel  for  inspection.  The  findings  were:  (1)  the  seat  was  still  in 
good  condition  — no  cracks  and  only  very  slight  crazing  (Figures  74  and  75), 
and  (2)  the  plane  seat  was  permanently  deformed  (Figure  76)  to  form  a 
conical  surface  similar  to  that  observed  in  flanged  windows  (Figure  22). 

The  test  was  too  short  to  give  firm  data  on  any  buildup  of  tensile 
strain  on  the  interior  face. 


DISCUSSION  OF  FINDINGS 
Short-Term  Critical  Pressure  (STCP) 

Findings. 

(1)  H»e  average  STCP  of  Type  1 windows  at  70^F  was  14,310  psi  while 
the  average  STCP  of  Type  VI  windows  at  70°*'  was  14,700  psi.  The  diffei'- 
ence  between  the  two  values  is  statistically  insignificant,  and  the 
average  of  all  short-term  window  tests  (that  is,  14,500  psi)  is  consid- 
ered to  be  the  STCP  for  both  types  of  wiiuH>ws. 

(2)  The  failure  of  the  windows  on  reaching  the  STCP  was  catastro- 
phic. The  window  failed  by  plastic  instability  of  an  area  on  the  window 
located  between  the  flange  and  the  apex.  The  implosion  caused  complete 

f r.agmentation  of  the  window.  The  formation  of  the  flat  spots  on  the 
windows  (typical  of  plastic  instability  failure)  was  reflected  in  the 
strain  distribution  on  the  interior  face  of  the  windows.  Ultereas  the 
strain  distribution  was  symmetric  abovit  the  apes  at  lower  hydrostatic 
lo<adtngs,  the  distribution  became  unsymmetric  prior  to  catastrophic 
failure. 
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(3)  The  flange  of  the  windows  sheared  from  the  dome  before  or  during 
catastrophic  failure  at  STCP. 

Discussion.  Short-term  critical  pressure  tests  of  hemispherical 
windows  were  reported  previously  for  flangeless  (Reference  8)  and  flanged 
(Reference  14)  configurations.  Compared  to  the  predicted  STCP  based  on 
previously  published  data  for  flangeless  hemispherical  windows,  the 
STCP  of  the  present  windows  is  about  5%  lower.  A reduction  of  the  STCP 
of  flanged  windows  when  compared  to  flangeless  windows  In  the  higher 
t/Rj^  range  has  been  previously  reported  (Reference  14) . This  indicates 
that,  for  t/Rj  > 0.25,  flanged  windows  may  have  a lower  STCP  than  similar 
windows  without  a flange  (Figure  77),  Since  the  comparison  is  based  on 
tests  carried  out  at  different  times  on  windows  of  different  manufacture, 
firm  conclusions  on  this  point  cannot  be  drawn.  The  reason  for  the 
seemingly  lower  STCP  of  flanged  windows  as  compared  to  flangeless  win- 
dows is  probabl>  the  increase  in  meridional  edge  bending  moment  caused 
by  the  rounded  heel  of  the  equatorial  flange. 

It  has  been  shown  previously  that  thick-wall  spherical  windows  fail 
catastrophically  by  plastic  instability  of  the  dome  (References  8 and  14) . 
The  windows  with  thinner  walls  fail  by  elastic  buckling,  and  the  transi- 
tion between  the  two  modes  of  failure  is  found  to  be  at  t/Rj^  ratios  of 
approximately  0.09.  The  present  tests  confirm  that  at  t/Rj  = 0.364,  the 
failure  is  caused  by  plastic  instability  of  the  dome. 

It  can  also  be  shown  theoretically  that  a thick-wall  spherical 
window  attains  complete  plasticity  through  its  wall  thickness  before 
it  fails.  Using  Lame's  equations  for  thick-wall  hollow  spheres  subjected 
to  external  hydrostatic  pressure,  it  is  seen  that  as  the  external 
pressure  increases,  the  material  at  the  inner  face  of  the  sphere  reaches 
its  yield  point  first.  If  the  pressure  is  raised  further,  yielding 
extends  deeper  and  deeper  into  the  wall  until  finally,  yielding  reaches 
the  outer  surface. 

By  making  two  simplifying  assumptions,  the  external  pressure  at 
which  the  whole  wall  becomes  plastic  can  be  estimated.  The  assumptions 
are;  (1)  the  distribution  of  radial  stress  is  not  affected  by  tne  yield- 
ing of  the  material  (i.e.,  it  can  be  calculated  based  on  elastic  theory); 
and  (2)  once  the  yield  point  is  reached,  the  material  will  not  support 
higher  stresses,  but  continues  to  support  the  same  stress  Independent 
of  further  increase  in  strain. 

Using  these  .nssumplions,  the  U»me*s  equation  can  be  applied  to 
predict  conservatively  the  pressure  at  which  complete  plasticity  is 
reached  during  short  term  pressur isation.  The  formula  becomes: 
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1/(1  + t/R^) 

yield  stress  of  material  in  uniaxial  compression  under 
short  term  loading 


t = wall  thickness  of  sphere 


= internal  radius  of  sphere 


The  equation  has  been  plotted  for  a yield  stress  of  18,000  psi,  typical 
of  Plexiglass  G acrylic  plastic  used  in  the  fabrication  of  flanged  win- 
dows (Figure  77).  It  can  be  seen  that  the  result  is  nearly  a straight 
line  falling  below  all  the  experimental  points  for  t/Rj^  > 0.1. 

For  experimental  points  with  t/Rj^  _<  0.1,  the  complete  plasticity 
curve  lies  above  the  experimental  points  indicating  that  elastic 
instability  and  not  plasticity  is  the  cause  of  failure  in  these  cases. 
It  can  be  stated  therefore,  that  for  hemispherical  windows  with  a 
t/Rj  > 0.15  the  P(.  as  calculated  by  the  above  equation  (using  the 
appropriate  Oy  value  for  the  ambient  temperature)  gives  a conserva- 
tive estimate  of  the  STCP  of  these  windows. 


Long-Term  Critical  Pressure 

Findings. 

(1)  No  significant  difference  was  found  between  the  long-term  life 
of  the  Type  I and  Type  VI  windows  (Figure  17). 

(2)  Above  8,000  psi  of  external  pressure  loading  (55?!  of  STCP)  the 
life  of  the  windows  decreased  rapidly  with  increasing  pressure,  approach- 
ing only  a few  hours  at  10,000  psi. 

(3)  The^raaxiraura  ewternal  pressure  loading  at  which  the  windows  still 
retain  the  10  minutes  minimum  static  fatigue  life  required  of  man-rated 
windows  (Reference  15)  was  extrapolated  to  be  approximately  5,800  psi. 

(4)  The  failure  of  the  windows  subjected  to  long-term  loading  was 
catastrophic  in  all  cases  with  extensive  fragmentation. 

(5)  Prior  to  failure,  extensive  plastic  defornwuion  had  taken  place 
in  the  windows  increasing  the  wall  thickness  by  about  25t  immediately 
above  the  flange  and  decreasing  the^ interior  diameter  at  the  flange  by 
about  10%  (windows  R and  J,  Figures  25,  26,  and  78). 

Di.scusslon.  It  is  evident  from  the  large  spread  in  the  results  that 
at  pressures  above  alwut  $5%  of  the  STCP,  the  windows  become  increasingly 
sensitive  to  variations  in  factors  affecting  their  load-carrying  capacity. 


Tests  were  not  conducted  to  Investigate  this  point  further.  However, 
since  a similar  spread  in  results  was  not  observed  for  the  STCP,  the 
spread  in  long-term  critical  pressures  is  probably  tied  to  long-term 
variables  in  the  tests.  One  such  variable  was  sustained  external  pressure 
loading.  Because  of  a relatively  large  ratio  of  window  displacement  to 
pressure  vessel  volume,  there  were  problems  in  maintaining  a constant 
test  pressure  during  the  high-pressure  tests.  Typically,  the  pressure 
would  be  restored  each  hour  during  the  daytime  but  not  at  night.  To 
compensate  for  this,  an  estimated  average  pressure  was  worked  out  for 
each  test,  but  this  procedure  had  obvious  deficiencies. 

Another  long-term  test  variable  was  the  ambient  temperature,  which 
changed  somewhat  from  test  to  test.  Although  the  difference  was  gener- 
ally .less  than  5°F,  the  effect  on  the  creep  properties  of  the  material 
was  significant.  Published  data  from  other  studies  indicates  that  a 
5°F  variation  in  ambient  temperature  can  change  the  fatigue  life  of 
an  acrylic  structure  by  a factor  of  at  least  10  and  possibly  15  (Refer- 
ence 16). 

The  fact  that  the  window  walls  increased  in  thickness  by  as  much 
as  255!  during  the  long-term  critical  pressure  tests,  further  substantiates 
the  postulate  made  before  that  the  window  wall  is  completely  plasticized 
before  failure  takes  place  (Figure  26). 


Cyclic  Fatigue  Life 

Original  Design  Findings. 

(1)  Both  types  of  windows  exhibited  signs  of  fatigue  at  hydrostatic 
pressures  at  less  than  15?.  of  their  short-term  critical  pressure.  The 
failures,  defined  here  as  leakage  through  cracks,  occurred  in  less  than 
100  cycles  of  the  standard  load  cycles  at  302  of  th^ir  short-term 
critical  pressure. 

(2)  The  first  sign  of  fatigue  was  circumferential  crazing  mitrks  on 
an  annular  bearing  area  between  the  0-ring  groove  and  the  heel  of  the 
flange  (Figure  62),  except  for  one  case  where  a crack  started  from  the 
0-ring  groove  before  any  crazing  had  developed. 

(3)  If  cycling  continued  after  appearance  of  crazing  on  the  window 
seat,  the  crazing  increased  until  eventually  actual  cracks  were  formed. 
Tlv?  cracks  always  r.an  in  the  circumferential  direction,  sometimes  in 
the  0-ring  groove  but  more  often  in  the  bearing  surface  between  the 
heel  of  the  flange  and  the  0-ring.  The  cracks  typically  had  a mush- 
room shape  (Figures  39,  and  41). 

(4)  Under  moderate  cyclic  loading  of  up  to  5,000  psi  external 
pressure,  both  crazing  and  cracks  in  the  seat  grew  slowly  once  they 
Itad  forced  and  did  not  render  tltc  window  incapable  of  sealing  in  less 
than  30  load  cycles.  At  cyclic  loading  of  6,000  psi,  cracks  grew 
noticeably  faster  with  each  cycle;  but  even  so,  the  window  sustained 
20  cycles  without  leaking. 
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(5)  At  severe  oyclic  loading  of  8,000  psi,  the  rate  of  crack 
propagation  was  greatly  increased.  Only  two  cycles  were  needed  at  this 
pressure  for  the  cracks  to  propagate  through  the  flange  to  the  outside 
and  hence  cause  a low-pressure  leak  (Figures  54  and  55). 

(6/  Cracks  were  found  in  the  bearing  surfaces  of  windows  that  im- 
ploded during  the  first  standard  cycle  (Figure  25).  The  cracks  must 
therefore  have  formed  while  the  windows  were  under  sustained  pressure 
and  not  during  relaxation  periods. 

(7)  Cycling  of  the  windows  caused  a step-wise  buildup  of  tensile 
strain  on  the  interior  face  of  the  spherical  dome  during  relaxation 
after  each  load  period.  The  magnitude  of  tensile  strain  recorded  during 
relaxation  periods  between  individual  pressure  cycles  was  found  to  be  a 
nonlinear  function  of  pressure  and  number  of  load  cycles  sustained.  In 
both  cases,  the  magnitude  of  tensile  strain  increased  faster  than  the 
maximum  pressure,  or  the  number  of  load  cycles.  The  tensile  strain  also 
built  up  faster  in  the  areas  where  the  compressive  strains  were  the  high- 
est during  the  loading  period  (Figures  58,  59,  and  60). 

(8)  In  one  case  the  buildup  of  tensile  strain  was  the  cause  of 
severe  cracking  of  the  window's  concave  surface.  The  cracking  occurred 
as  the  pressure  wa::  approaching  zero  during  depressurization  after  22 
standard  xoad  cycles  at  6,000  psi  with  the  magnitude  of  tensile  strain 
estimated  at  about  0.050  in. /in.  (Figures  49  and  50). 

(9)  Fatigue  cracking  did  not  cause  catastrophic  failure  of  any 
window  during  cyclic  load  testing.  In  the  worst  case,  the  windows 
leaked  after  the  pressure  had  been  relieved.  (This  seems  reasonable 
because  cracking  at  the  seat  is  not  a part  of  the  STOP  failure  mode 
of  the  window.) 

Original  Design  Discussion.  In  view  of  the  above  findings,  the 
fatigue  life  of  a window  must  be  taken  as  either  the  number  of  cycles 
taken  to  produce  the  first  crack  or  the  number  of  cycles  taken  to  pro- 
duce a leak.  The  criteria  chosen  may  depend  on  the  application  of  the 
windows.  For  man-rated  applications,  the  first  criterion  should  be 
used;  for  example,  the  fatigue  life  of  a window  used  in  a man-rated 
chamber  is  the  number  of  cycles  sustained  by  the  window  when  the  first 
crack  appears  anywhere  in  the  window  (Figures  79  and  80). 

Due  to  the  scatter  in  the  data  and  the  limited  number  of  cyclic 
tests  performed,  it  is  not  possible  to  establish  a firm  fatigue  life 
for  the  windows.  The  recommended  course  of  action  at  the  present  time 
is  to  Inspect  the  windows  after  each  pressurization  in  excess  of  1^000 
psi  and  replace  any  window  immediately  that  shows  signs  of  fatigue. 

Modified  Design  Findings.  Improved  fatigue  life  was  obtained  by 
each  of  the  following  modifications: 

(1)  Use  of  0. 020-inch-thick  neoprene  gasket  between  the  window 
and  the  steel  flange. 
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(2)  Removal  of  the  0-riug  groove  and  replacing  the  rounded  heel 
of  the  flange  with  a square  heel. 

(3)  Removal  the  flange  to  make  the  window  a true  hemispherical 

dome . 

The  limited  number  of  tests  available  did  not  allow  determination  of 
quantitative  improvement  obtainable  by  each,  or  by  a combination  of  these 
modifications. 

Modified  Design  Discussion.  The  original  Type  I and  Type  VI  design 
is  not  suitable  for  cyclic  loading  except  at  pressures  below  1,000  psi 
at  75  F.  If  the  original  designs  were  to  be  used.  Type  VI  would  probably 
give  the  longest  life. 

If  the  flanges  are  to  be  retained,  it  is  required  that  for  cyclic 
loading  above  1,000  psi  both  the  0-rlng  groove  and  the  rounded  heel  of 
the  flange  be  removed  and  that  a thin,  soft,  nylon-fiber-reinforced  neo- 
prene gasl<et  be  installed  underneath  the  window's  bearing  surface  to 
absorb  the  shear  strain  at  the  steel /window  interface.  To  find  what 
the  improved  cyclic  fatigue  life  is  if  these  modifications  are  incorpora- 
ted into  Type  I and  Type  VI  windows,  a series  of  new  tests  would  have  to 
be  carried  out.  These  tests  should  be  designed  not  only  to  check  the 
effect  on  the  bearing  surface  of  the  window,  but  also  the  buildup  of 
strain  on  the  interior  surface  of  the  window  at  the  apex,  as  it  is 
postulated  that  this  will  be  the  limiting  factor  of  the  cyclic  fatigue 
life  in  the  modified  design.  By  incorporating  the  above-mentioned 
modifications  an  adequate  fatigue  life  (1,000  cycles  without  leakage)  is 
predicted  for  operational  pressures  to  2,000  psi. 

Removal  of  the  flange  improves  the  cyclic  fatigue  life  significantly 
both  fer  the  bearing  surface  and  the  interior  face  at  the  apex.  Although 
the  improvement  in  cyclic  fatigue  life  has  not  been  quantitatively 
established  for  flangeless  windows  it  is  conservatively  estimated  to  be 
in  excess  of  2,500  psi  at  75°F. 

As  stated  above,  the  fatigue  life  of  the  windows  is  limited  by 
cracking  of  the  bearing  surface  on  the  flange  and  the  interior  face  of 
the  dome.  Both  conditioiis  have  been  observed  by  earlier  investigators 
18,10]. 

The  cracking  of  the  bearing  surface  on  the  flange  is  undoubtedly 
tied  to  the  differential  motion  taking  place  at  the  window/steel  inter- 
face during  the  sustained  pressure  phase.  The  natural  remedy  for  this 
problem  is,  tlierefore,  to  enable  the  window  to  slide  with  the  least 
possible  resistance,  hence,  the  neoprene  gasket  was  tried.  It  is 
possible  that  even  better  results  ccuid  be  obtained  using  other  materials, 
such  as  polycarbonate  which  has  been  successfully  incorporated  in  the 
Nl’lMO  Mod  2,000  {17],  The  polycarbonate  insert  not  only  Is  capable  of 
ab.sorbing  the  shear  strain  to  a much  l.irg<  r degree  than  the  acrylic,  hut 
should  it  crack,  only  the  insert  needs  to  he  changed  and  not  the  whole 
window.  Whatever  materia!  is  used  for  the  insert,  it  has  to  be  either 
sufficiently  stiff  or  sufficiently  thin  to  prevent  its  being  pushed 
into  the  window  cavity  by  external  hydrostatic  pressure. 
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Thn  problem  of  cracking  on  the  i;  terlor  face  of  the  window  due  to 
buildup  of  tensile  strain  is  more  difficult  to  explain  and  to  remedy. 
Probably,  this  phenomenon  is  a result  of  the  loading  conditions.,  the 
geometry  of  the  window  and  the  physical  properties  of  acrylic  plastic. 

If  the  dome  had  been  made  from  steel,  the  stress  (effective  von  Mlse's) 
at  the  inner  face  would  have  been  about  2.5  times  higher  than  the  stress 

at  the  outer  face.  If  the  dome  was  overpressurfaed,  the  steel  at  the 

inner  face  would  yield.  During  depressurization,  the  plastically 
deformed  interior  face  would  therefore  not  be  able  to  expand  as  much  as 
required  by  the  material  at  larger  radii  that  had  been  deformed  only 
elastically.  Releasing  the  pressure,  therefore,  generates  tensile 
stressc 3 in  the  interior  face  of  the  dome. 

In  the  acrylic  plastic  dome  the  mechanism,  although  similar,  is 
complicated  by  the  time,  temperature,  and  stress-dependent  properties  of 
the  material.  Because  of  the  viscoelastic  property  of  acrylic  elastic 
tensile  stress  may  be  generated  on  the  inner  face  of  the  window  during 
depressurization  even  though  the  hydrostatic  loading  was  not  of  sufficient 
magnitude  to  deform  the  material  on  the  inner  face  permanently.  Thus, 
in  the  acrylic  plastic,  a sudden  release  of  pressure  is  likely  to  cause 

higher  tensile  stresses  on  the  Inner  face  than  a slow  release,  as  the 

rate  of  relaxation  for  the  Inner  face  is  slower  than  for  the  outer  face 
that  is  subjected  to  a viscoelastic  strain  of  lesser  magnitude.  Also, 
the  duration  of  the  sustained  loading,  the  length  of  the  relaxation, 
and  ambient  temperature  Influence  the  magnitude  of  tensile  stresses 
during  relaxation. 

Deformations 

Original  Design  Findings. 

(1)  The  Interior  surface  of  the  windows  at  the  apex  deformed 
elastically  up  to  at  least  0.020  in. /in.  of  compressive  strain.  Rela.xa- 
tion  from  this  strain  level  was  about  99%  complete  in  10  hours  after 
release  of  pressure. 

(2)  Polar  strains  (interior  surface  at  the  apex)  of  0,0020  in. /in. 
magnitude  were  attained  at  about  6,250  psi  of  external  pressure  during 
short-term  loading  (650  psi/rainute  rate).  During  long-term  loading, 
this  strain  level  was  reached  in  less  than  1 hour  at  5.000  psi,  while 

at  4,000  psi  the  same  strain  lev»l  was  reached  only  after  262  hours.  At 
sustained  hydrostatic  loading  of  2,000  psi,  this  strain  level  w»'uld 
definitely  not  be  reached  in  less  than  10,000  hours. 

(3)  Permanent  deformation  of  the  material  at  the  bearing  surface 
of  the  window's  flange  occurred  even  when  no  pernuinent  deformation 
took  place  elsewhere.  In  all  cases  of  permanent  deformation  in  the 
flange,  the  deformation  was  such  as  c«  change  the  bearing  surface  from 
a plane  surface  into  a slightly  conlc.il  surface  having  an  imaginary 
apex  1-  iJe  the  window  cavity.  The  onset  of  perm.uu'nt  deformation  oi 
this  i vpc  was  observed  in  the  window  io.ided  at  2,000  psi  of  hydro- 
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static  pressure  for  269  hours  at  75°F.  The  deformation  was  very  t:light, 
being  hardly  measurable.  On  the  other  hand,  in  a window  subjected  to 
hydrostatic  loading  of  8,000  psi  for  312  hours,  the  bearing  surface  of 
the  window  was  deforaed  approximately  4 degrees  (Figure  22). 

(4)  In  the  elastic  strain  region,  the  internal  window  surface  of 

the  windows  at  the  apex  deformed  uniformly  with  the  same  srrains  in  all 
directions.  Comparing  the  measured  strain  in  this  area  with  the  theoreti- 
cal value  for  the  Interior  face  of  a thick-wall  hollow  sphere  (Lame’s 
equation  with  u = 0.4  and  E - 400,000  psi),  the  measured  value  was 

found  to  be  about  18%  smaller  than  the  theoretical  (Figure  81) . This 
indicates  that  the  effect  of  restraint  imposed  by  the  flange  is  almost 
damped  out  in  this  area.  The  equatorial  area  of  the  window  also 
deformed  uniformly  in  the  circumferential  direction.  In  the  meridional 
direction  on  the  other  hand,  the  strain  changed  substantially,  reflecting 
the  effect  of  flange  restraint.  Moving  from  the  apex  towards  the  edge, 
the  meridional  strains  decreased;  at  the  same  time,  the  circumferential 
strains  increased.  This  behavior  is  probably  due  to  the  outward  bending 
movement  at  the  edge  caused  by  the  rounded  heel  of  the  flange.  The 
deformed  shape  of  the  window  is  postulated  to  he  as  shown  in  Figure  82. 

(5)  Under  extreme  loading,  the  deformation  of  the  window  inevitably 
would  also  become  nonuniform  at  the  apex  and  in  the  circumferential 
direction  elsewhere.  This  was  substantiated  bv  the  formation  of  flat 
spots;  and,  unless  the  pressure  was  reduced,  the  window  failed 
catastrophically.  If  the  pressure  was  maintained,  the  windows  would 
implode  when  the  compressive  strain  on  the  interior  surface  at  the  apex 
reached  a magnitude  of  0.080  to  0.10  in. /in.  The  strains  at  the  flat 
spot  were  often  even  higher,  possibly  more  than  double,  as  indicated  by 
the  data  from  one  test  (Figur*'  31). 

Modified  Design  Findings. 

(1)  The  introduction  of  a thin  neoprer.-*  gasket  between  the  wir-<ow 
and  the  steel  led  to  a slight  increase  of  strain  on  the  dome  of  the 
window  (Figure  66). 

(2)  The  replacement  ‘ the  r"-unded  heel  with  a square  heel  in 
window(^led  to  a much  wort  even  distribution  meridional  strains  on 
the  Inside  of  the  window.  The  meridional  and  the  circumferential  strains 
also  became  more  equal,  particularly  near  the  heel  of  the  flange 
(Figure  68). 

(3)  tl>e  total  removal  of  the  whole  flange  led  to  a r 'uirkiibl*' 
change  in  the  deformation  of  the  window.  Window^,  now  a ».4ue  hemisphere 
with  no  wall-thickness  variation,  deformed  quite  evenly  from  the  apex 

to  the  cquaf'r  (Figure  83).  The  ratio  of  the  highest  to  the  lowest 
compressive  strain  measured  on  the  interior  face  of  the  window  was  now 
1.3  (compared  to  1.8  for  the  window  with  rectangular  heel  on  t,;v 
and  12  for  the  original  geometry  with  weU-rounded  heel). 
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SUMMARY  OF  FINDINGS 


The  maximum  safe  working  pressure  of  a hemispherical  window  with 
equatorial  flange  is,  as  has  been  experimentally  determined  previously 
for  other  window  shapes,  a function  of  short-term  critical  pressure,^ 
long-term  critical  pressure,  and  cyclic  fatigue.  For  flanged  hemispheres 
with  a t/Rj  = 0.364,  the  short-term  critical  pressure  at  75°F  has  been 
found  to  be  14,500  psi;  long  term  critical  pressure,^  6,000  psi;  and 
cyclic  fatigue  life,*^  1,000  psi.  No  significant  difference  was  found 
in  the  performance  of  windows  with  Type  I or  Type  VI  flanges. 

The  primary  effects  of  cyclic  fatigue  is  in  the  form  of  circumfer- 
ential cracks  that  develop  on  the  bearing  surface  of  the  flange  at 
approximately  l,000"psi  cyclic  pressure  loading  level.  If  stress  dis- 
continuities in  the  form  of  0-rlng  grooves  on  the  bearing  surface  are 
eliminated  and  the  effect  of  shear  loading  on  the  bearing  surface 
ameliorated  by  use  of  neoprene  bearing  gaskets,  the  effects  of  cyclic 
fatigue  on  the  bearing  surface  can  be  eliminated  at  cyclic  pressure 
loadings  ^4,000  psi. 

Raising  the  cyclic  fatigue  life  threshold  on  the  bearing  surface 
from  1,000  psi  to  4,000  psi  pressure  does  not,  however,  raise  the  over- 
all cyclic  fatigue  life  of  the  flanged  window  to  4,000  psi  since  now 
the  secondary  effects  of  cyclic  fatigue  on  other  areas  of  the  window 
become  the  factor  controlling  the  overall  cyclic  fatigue  life. 

The  secondary  effects  of  ''yclic  fatigue  in  the  form  of  meridional 
cracks  become  apparent  on  the  concave  face  of  the  window  at  pressure 
loadings  >2,000  psi.  These  cracks  are  caused  by  tensile  strains  found 
on  the  concave  face  of  the  window  during  relaxation  phases  of  pressure 
cycles.  The  magnitude  of  tensile  strains  in  flanged  windows  are  a 
function  of  t/R^  ratio  a..d  tl  nujgnituda  of  compressive  creep  during 
the  loading  phases  of  pressure  cycles^  Since  the  t/Rj  ratio  is  a 
geometrical  and  the  m-’gnitude  of  creep  a physical  constant,  little  can 
be  done  to  decrease  their  e.fect  on  the  generation  of  tensile  strains 
on  the  concave  face  of  the  window  during  relaxation  phases  of  pressure 
cycles.  Thus,  the  seco--dary  effects  of  cycling  fatigue  in  the  form  of 
meridional  cracks  on  the  concave  face  of  the  window  become  at  2,000-psi 
loading  level  the  limiting  factor  on  the  fatigue  life  oi  the  flanged 
hemispherical  window. 


‘^Short  term  critical  pressuie  - pressure  at  which  catastrophic  failure 
of  window  occurs  when  pressurised  at  630  psi/minute  rate. 

\ong  term  critical  pressure  sustained  pressure  at  which  catastrophic 
failure  of  window  occurs  after  uninterrupted  sustained  loading  of  10*^- 
minute  duration. 

^Cyclic  fatigue  life  cy'-ilcally  applied  pressure  (7  hours  sustained 
loading  fuli-wed  by  17  hours  e-f  relaxation  .u  0 psi)  that  will  initiate 
cracks  in  the  window  after  1,000  pressure  cycles. 
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The  ratio  of  1:0.414:0.138  (14,500  psi:6,000  psi:2,000  psi)  between 
short-term  critical  pressure,  long-term  critical  pressure  and  cyclic 
fatigue  pressure  established  experimentally  in  this  study  for  flanged 
hemispherical  windows  with  t/Rj^  = 0.364  seated  on  neoprene  gaskets  is 
also  applicable  conservatively  to  similar  windows  with  t/Rj|^  < 0.364. 

For  flanged  hemispherical  windows  with  t/Rj_  > 0.364  the  above  ratio 
probably  applies  also,  but  not  on  the  conservative  side. 


CONCLUSIONS 

Flanges  on  acrylic  plastic  windows  of  hemispherical  shape  do  not 
affect  significantly  their  short-term  critical  pressure;  however,  they 
seriously  decrease  their  static  and  cyclic  fatigue  life.  When  such 
windows  with  t/R^  = 0.364  are  mounted  on  thin  neoprene  bearing  gaskets, 
they  can  be  subjected  safely  in  the  65-75  F temperature  range  to  a maxi- 
ravim  working  pressure  of  2,000  psi,  which  is  approximately  equal  to 
one-seventh  of  the  window's  short-term  critical  pressure. 


RECOMMENDATIONS 

To  maximize  the  cyclic  and  static  fatigue  life  of  flanged  hemispher- 
ical windows,  the  following  precautions  must  be  taken  in  their  design, 
fabrication,  and  installation. 

Design 

Since  the  cyclic  fatigue  life  of  a flanged  window  is  primarily 
determined  by  the  appearance  of  cracks  on  the  bearing  surface  of  the 
flange,  special  attention  must  be  paid  to  the  design  of  the  flange.  To 
decrease  the  magnitude  of  bending  movements  in  the  flange,  the  instep 
of  the  flange  must  have  a generous  radius  while  the  heel  must  approach 
the  shape  of  a square  edge.  No  discontinuities  like  0-ring  grooves  can 
be  tolerated  on  the  bearing  surface  of  the  flange  as  they  tend  to  act 
as  crack  initiators.  The  maximum  working  pressures  at  which  acrylic 
hemispherical  windows  with  Type  1 or  Type  VI  flanges  can  probably  be 
safely  operated  are  shown  in  Table  6. 

Fabrication 

Appearance  of  cracks  in  the  bearing  surface  of  the  flange  can  be 
delayed  significantly  by  following  up  the  nutchining  process  with  polish- 
ing. After  polishing,  the  whole  window  must  he  annealed,  preferahlv  at 
H^^’f  for  22  hours. 
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Table  6.  Maximum  Recommended  Working  Pressures  for  Hemi -pherical 
Windows  With  Type  I and  Type  VI  Equatorial  Flanges 


Temperature 

Ranges 

(°F) 

CL 

Maximum  Working  Pressures 

<50 

0.167  x short-term  critical  pressure 

^75 

0.143  X shorc-term  critical  pressure 

<100 

0.111  X short-term  critical  pressure 

<125 

0.091  X short-term  critical  pressure 

<150 

0.059  X short-term  critical  pressure 

"^Short-term  critical  pressure  is  established  by 
pressurizing  the  window  at  650  psi/minute  rate 
and  75  F ambient  environment  until  explosive 
implosion  of  the  window  takes  place. 

Installation 

The  surface  of  the  steel  seat  in  the  pressure  vessel  must  have  at 
least  a 63  rms,  and  preferably  32  rms  finish.  A thin  neoprene-coated 
nylon  gasket  (Falrprene  5722A  or  equal)  must  be  bonded  with  polyvinyl 
resin  glue  (Pliobond  or  equal)  to  the  bearing  surface  of  the  windo^^/ 
flange.  The  steel  seat  must  be  liberally  coated  with  silicone  grease 
(Dow  Corning  No.  4)  prior  to  placement  of  the  gasketed  windovi/.  Although 
the  bearing  gasket  serves  adequately  as  a seal,  an  0-ring  is  placed 
around  the  circumference  of  the  flange  to  act  as  a secondary  seal 
(Figure  84).  A retaining  ring  placed  around  the  flange  is  dimensioned 
to  compress  simultaneously  both  the  window  flange  and  the  0-ring  seal. 
The  bolts  holding  down  the  retaining  ring  must  be  of  adequate  size  and 
tensile  strength  to  retain  the  window  against  accidental  internal 
pressurization  of  the  hemispherical  window  to  0.05  times  sl»ort-term 
critical  pressure. 
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Figure  2.  Type  1 f Kinged  hewlsphcres  u«;ed  -is  test  speciaens  in  the 
expcriaeittai  test  pregma. 
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Figure  3.  Type  VI  flanged  hemispheres  used  as  test  specimens  in  th< 
experimental  test  program. 
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Figure  6.  Test  arrangement  for  Type  I and  Type  VI  vindows  In  the  18- Inch- 
diameter  pressure  vessel  of  CEL's  Deep  Ocean  Simulation  Facility. 
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Lociitton  of  electric  resistance  strain  gages  on  the  Interior 
face  of  the  flanged  hemispheres. 


Figure  8.  Retaining  ring  for  Type  VI  window  testing  in  18-lnch-diameter 
pressure  vessel;  window  V after  42  hours  at  U»800-psi  sus- 
tained hydrostatic  loading. 


Test  temperature:  65-75®F 

Rate  of  pressurization:  650  psi/min 

Average  of  six  windows:  Type  I and  VI 
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Figure  10.  Linearity  of  strains  in  flanged  windows  during  short-term 
pressurization  in  the  0 to  4,000  psl  range. 
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Figure  U.  Distribution  of  circumferential  strain.s  on  the  interior  face 

of  Type  1 and  Type  VI  wlndtsws  during  short-term  pressurization 
in  the  0 to  4,000  psi  range;  the  strain  plotted  has  been 
noriaalized  to  shv»w  augnitude  of  strain  per  unit  of  pressure 
in  linear  range. 


location  E 


Ratios  of  measured  non-linear  strain  to 
extrapolated  linear  strain  at  10,000  psi  ate; 


Compressive  Circuntfcictuial  Strain  ( /in.  x 10'^) 


Figure  15.  Magnitude  ot  nonlinearity  in  strains  measured  on  the  inter! 

face  of  Type  1 window  J during  short-term  pressurization  at 
74  F to  10,000  psi. 
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Figure  20.  Window  R,  Type  VI  after  30  minutes  of  sustained  pressure 
-....loading  at  12,000  psl;  note  the  extensive  lamination  and 
..  partial  separation  of  flange. 


Figure  21.  Same  wind<3w  as  Figurf  20;  note  the  p.artlal  sepi»ration  of  flange 
and  large  ,®cale  plus'  Ic  deform.it  ion  ttldv.iy  between  ilte  l iange 
and  apes  tltat  1«‘'  to  the  plastie  instability  failure  of  the 
window. 
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Figure  22.  Window  Ut  Type  VI  after  312  hours  of  sustained  pressure  loading 
at  8,000  psi;  note  that  (a)  the  flang"  has  separated  even 
though  the  window  did  not  implode  yet  and  (b)  the  bearing 
surface  on  the  window  has  deformed  plastically  giving  it  the 
appearance  of  a very  shallow  cone. 


Figure  23.  Same  window  as  in  Figure  22;  note  tJiat  tho  separated  flange 
roiaains  intact  indicating  that  <a)  the  circuafi^rontial  cracks 
iniciato  sooner  and  propagate  faster  than  radial  cracks  and 
(b)  the  separation  occurs  before  exunsive  plastic  deforoa- 
etoro.  occur. 
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Figure  24.  Window  J,  Type  VI  after  3 hours  of  sustained  pressure  loading 
at  10,000  psi;  note  the  extensive  laroiivatlon  of  the  dome  at 
the  apex. 
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Figure  28.  Extensive  crazing  and  minor  cracking  on  the  bearing  surface  of 
Type  VI  window  R after  262  hours  of  sustained  pressure  loading 
at  A, 000  psi. 


Figure  29.  Extensive  crazing  .lud  a major  c Ircvimferent lal  crack  on  the 

bearing  surface  of  Type  VI  window  Q after  U9  hours  of  suslaiiu'd 
pressure  loading  at  7,000  psi. 


Figure  30.  Sane  window  as  In  Figure  29;  note  tha"  the  , ireutif erential 
crack  has  cowpletely  penetrated  the  Hangc  and  ih»  flange 
renal  ns  nr  cached  to  the  body  of  the  window  only  at  one  p ace 
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Figure  32.  Change  in  magnitude  and  distribution  of  strains  with  duration 
of  sustained  pressure  loading  at  8,000  psi;  window  tl.  Type  I; 
75®F. 
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Figure  37.  Time-dependent  strain  (creep)  as  a function  of  sustained 
pressure  loading. 


Figure  38.  Typical  plastic  defonsation  of  Type  1 windows,  subjected  to 
long-term  pressure  loading  of  sufficient  magnitude  to  cause 
imploding;  windows  J and  U,  Type  I. 


Figure  39.  Typical  cyclic  fatigue  cracks  on  the  flange  bearing  surface; 
window  AA,  Type  VI  after  22  standard  pressure  cycles  to 
6,000  psi.  Note  that  major  crack  originates  at  0-ring  groove. 


Figure  40.  Saw©  window  as  In  Figwr©  39;  net©  the  shape  of  the  lyplc.al 
cyclic  fatigue  crack  In  the  hearing  surface  on  the  flange. 
Slmil.ar  cra-  ks  were  observed  in  hearing  surfaces  of  acrylic 
wlitdows  subjected  to  cyclic  pressure  loading  in  other  sitidies 
|2,S,I0).  This  peculhir  shape  is  probahly  caused  bv  expansion 
of  grease  or  water  irappt'd  In  llu'  . rack  during  retaxai  ion  pluises 
of  pressure  cycling. 
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Figure  41. 


Same  window  as  In  Figure  39;  note  that  the  circumferential 
crazing  on  the  bearing  surface  of  the  flange  appears  primarily 
near  the  heel  of  the  flange  and  not  the  0-ring  groove < 
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Figure  42.  Typic.ll  cyclic  fatigue  crncfes  t*«  the  flange  bearing  ;i«r!'.icc; 
windciw  t.  Type  ! after  ntandnrti  frcsssure  cycles*  to 
psi.  Knisr  ih.1t  the  tiwck  origlnateii  at  t>-r ijsg  yrf*eve. 
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Figure  43.  Cracks  found  in  windows  AA  and  1. 
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Figure  44.  Typical  cyclic  fatigue  cr.nks  on  the  flange  bearing  surface; 

window  K.  Type  1 after  one  standard  pri’SKure  cvcte  tv>  >»,0(H) 
psi.  Note  major  r I rmunf erout  ia  1 crack  between  itte  beet  of 
t lie  ' lange  ami  t 'u‘  i>-ring  groove. 


Figure  45.  Same  window  as  in  Figure  44;  note  how  the  circumferential 
crack  has  penetrated  the  whole  thickness  of  the  flange. 


Figure  46.  Topical  cyclic  fatigue  cracks  on  the  flange  hearing  surface; 

window  UU,  Type  VI  after  two  standard  pressure  cycles  to 
8,000  psi.  Koie  miiny  circumferential  cracks  between  heel 
of  the  flange  .and  0-ring  groove. 
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Figure  47.  Same  window  as  In  Figures  39,  40,  and  41;  note  that  cyclic 
fatigue  cracks  on  the  flange  bearing  surface  originating  not 
at  the  0-ring  groove  have  a characteristic  mushroom  shape. 
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Figure  48.  TVo  diaracteristic  forms  of  window  fracturing. 
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igure  45.  Typical  cyclic  fatigue  meridional  cracks  on  the  interior  face 
of  window  M,  Type  1 window  after  22  standard  pressure  cycles 
to  6,000  psi;  note  that  the  meridional  cracks  do  not  penetrate 
through  the  whole  thickness  of  the  window  or  flange. 
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Figure  50.  Same  window  as  In  Figure  49;  note  the  presence  co  extensive 

crazing  .;'>d  smll  etrcumf  erenl  tal  cracks  on  the  hearing  surl.u 
of  the  I lange  th.ai  appeared  prior  to  the  uu-r tdl.uuil  cracks. 
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Figure  51.  Typical  cyclic  fatigue  meridional  cracks  on  the  interior  face 
of  window  E,  Type  I (modified)  after  one  standard  pressure 
cycle  to  8,000  psi;  note  that  the  cracks  do  not  penetrate 
through  the  whole  thickness  of  the  window. 
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Figure  52.  Same  window  as  in  Figure  51;  note  the  wide  s*raek  hetveen 
.surfaces  and  that  the  width  of  the  crack  is  widest  on  ilte 
interior  face  of  the  window  indicat  ing  vhal  the  - rack  «n  igi(i 
led  on  the  intn'^ior  f.tce  and  stih.'»e<nuenl H*  propagated 
toward  exterior  face. 
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Figure  53.  Cracking  in  Window©. 
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‘igure  54.  Typtriil  cyclic  fattgui’  clrcuiafcrcnti.il  cr.-u‘ks  on  the  hearing 
surf  .ices  of  Type  I flanges  th.it  cause  the  window  to  leak 
after  a few  pr»*ssure  .ycles;  window  K,  Type  I after  s*ne 
standard  pressure  cv*  le  in  S.OOO  psi. 
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Figure  55. 
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Typical  cyclic  fatigue  circumferential  cracks  on  the  bearing 
surfaces  of  Type  VI  flanges  that  cause  the  window  to  leak 
after  a few  pressure  cycles;  window  BB,  Type  VI  after  two 
standard  pressure  cycles  to  8,000  psl. 
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Figure  56.  Olstrihul ton  of  iHsapresstvc  sir.iijui  vm  the  interior  fiice  of 
Type  1 windows  at  the  end  of  7-hour  sust.>iined  pressure  load- 
ing plutse  .’ll  2,000  psi  in  a standard  pressure  cycle,  window  1 


Figure  59 » Rate  of  increase  for  residual  tensile  strains  on  interior 

face  of  Type  VI  window  at  the  end  of  17-hour-long  relaxation 
phases  at  0 psi  in  standard  pressure  cycles  to  3,000  psi, 
window  K.  All  residual  strains  are  measured  from  the  strain 
level  prior  to  first  pressure  cycle;  68-73  r. 


Figure  60,  foite  of  Ineroaso  for  residual 
tensile  strains  on  interior  faro  of 
Typo  1 window  at  the  end  of  17-luHir- 
long  relaxation  phases  at  0 psi  in 
standard  presstm*  cycles  to  6,000  psi, 
window  K.  All  tensile  strains  are 
OK^asured  from  the  strain  level  prior 
to  first  pressure  cycle. 
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Figure  61.  Window  Z,  Type  VI  after  two  standard  pressure  cycles  to 

8,000  psi  on  a neoprene-coated  nylon  cloth  gasket;  note  the 
absence  of  major  cracks,  also  compare  to  window  BB,  Type  VI 
(Figures  46  aitd  55)  that  was  tested  under  identical  cyclic 
conditions  but  without  a gasket. 


Figure  62.  Same  window  as  in  Figure  61;  note  tlntt  only  minor  crar.ing 
is  present  on  the  hearing  surface  indicating  the  beneficial 
eftect  of  the  gasket. 
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Figure  63.  Window  Z,  Type  VI  after  two  standard  pressure  cycles  to  8,000 
psi  on  a neoprene-coated  nylon  cloth  gasket  and  200  hours 
of  relaxation  at  0 pressure.  Note  the  absence  of  crazing 
at  the  termination  of  second  pressure  cycle  (Figure  62). 


Fliiurc  64.  Olsirihmion  of  strain  in  window  Type  VI  when  pitnsswrc 

cycled  to  8,000  psi  «n  a ftcvtprcne-corticd  nylon  cloth  ^tasket . 


cut\  in 


■#*1 

i 


''•/'a 


i 


Figure  65.  Cuts  In  neoprene-coated  nylon  cloth  gasket  by  window  Type 
VI,  subjected  te  two  standard  pressure  cycles  at  8,000  psi. 
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Figure  66.  CtJap.! risen  of  s!wrt-tera  sir.nin  distributions  for  the  sawe 
window  Y.  Type  VI  pressurised  to  2,000  psi  with  .ind  without 
a neopr»»nt*-eo.’i«ed  nylon  cloth  In-aring  gasket. 


Figure  67.  Shaded  area  Fichined  off  and  replaced 
with  a bonded- in-place  acrylic  disc. 
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rtgure  68.  Coiaparison  of  ijitriinK  in  Typo  1 vindow«$  with  rounded  and 
sluirp  heols  after  7 ho^js  of  sustained  pressurization  to 
2,000  psi;  windows  I and(^,  respectively. 


Tensile  Strain  (in. /in.  x 10" 


Figure  73.  Distribution  of  strains  on  the  interior  face  of  flangeless 
hemlspbor ical  window  I during  sustained  loading  phases  of 
pressure  cycling  to  2,000  psi;  note  that  the  strains  on 
the  interior  face  between  the  edge  and  apex  are  more  uniform 
than  in  Type  I and  Type  VT  windows  (Figures  56  and  66). 
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Figure  76. 


Seat  deformation  in  window  I 
after  testing  to  8,000  psi. 
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is  the  pressure  at  whieh  com-  / 
plete  plasticity  of  the  wall  y 
occurs,  assuming  the 
simplified  stress, i / 

strain  diagram-  ^ 
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^NUC  TP410  test  of  tlangeless  window  with 
shar|>  seat  corner  (single  window.  70*’h  ) 
held  at  20,(XX1  psi  lo'  1 hr  without  implo- 
sion. 

0 Present  test  of  flanged  windows  with 
rounded  seal  corner  (average  of  five, 
70-75‘*P). 

K6JI  lest  of  flangeless  window 
with  sharp  seat  cower  (average  of  five, 
69-70“P). 

0 NUd  TPJ5S,  test  of  Hanged  windows  with 
sharp  seat  corner  (average  of  three, 
7}.75'’P>. 
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Figure  77.  Comparison  of  actual  and  calculated  critical  pressure.^  for 
hemi.spherical  windows  under  short-term  hydrostatic  loading. 
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pr«!>«urcs  ai  which  cracks  arc 
expected  in  the  windr>w  seat,  but 
nut  leakage  through  the  window 
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Lame's  equation  for  hollow  spheres:  I 

^ ^ 1 M j TS I M = »J.4 

ll-|l/(l../Ri)lM  F = 400,000PM 

e,  = tangential  strain  on  interior  face,  P = external  pressure, 

R;  = internal  radius,  ARj  radial  displacement  on  interior  face 
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Q ff/P  measured  at  apex  of  Type  I and  VI  windows 
in  68-75“F  temperature  range  (average  of  18 
tests). 

B ARj/Rj  mcajiutcxl  at  apex  of  window  W at  7'’‘’K. 

A e^/P  measured  at  apex  of  windows  without  a flange: 
NUC  TP410  (average  of  nine  tests  in  70-7S“K 
temperature  range). 

0 A Rj/Rj  measured  at  apex  of  windows  without 
a flange:  NChX  R-651  (average  of  five  tests  at 
70**F  temperature). 
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Figuri'  81.  Cofflpnr Ison  i>t'  nuMsiirod  ami  oa  1 .u lat od  strains  in  linear  rangi* 
ot'  till*  apox  of  hcratspluT ioa I windows  with  difforviu  l/R^ 
ratios  when  sulvlooti-d  to  short-lorm  oxtornal  hydrimtat  ir 
hwid  ing . 
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Appendix 
DETAILED  DATA 

Although  the  body  of  the  report  presents  summaries  of  strain  distri- 
butions in  Type  1 and  Type  VI  windows  under  different  kinds  of  hydrostatic 
loadings,  there  often  is  a need  for  detailed  knowledge  of  strains  at  each 
strain  gage  location.  To  satisfy  this  requirement,  detailed  plots  of 
strains  are  shotm  for  representative  windows  of  Type  I and  Type  VI. 

Figures  85  and  86  afford  a direct  comparison  between  strains  on  the 
same  window  subjected  to  short-term  loading  with  and  without  a neoprene 
bearing  gasket.  Figures  87  and  88  allow  a comparison,  on  the  other  hand, 
between  strains  on  Type  I and  Type  VI  windows  under  short-term  loading. 

Figures  89  and  90  permit  a comparison  of  creep  strains  on  Type  I 
and  Type  VI  windows  under  the  same  sustained  loading  condition,  that  is, 

10.000  psi.  The  effect  of  sustained  loading  magnitude  on  the  rate  of 
creep  and  subsequent  relaxation  in  Type  VI  window  can  be  observed  by 
comparing  Figures  91,  92,  93,  and  94. 

Figure  95  presents  graphically  the  strain  history  of  the  concave 
surface  at  the  apex  for  a Type  VI  window  during  susLjined  loading  at 

4.000  psi  and  subsequent  relaxation. 


Window  0,  Type  VI  under  sustained  loading  at  10,000  psl 


4X.*V«t 


^1  ^7l» 

vUiU 


95 


Figure  91.  Window  R,  Type  VI  under  sustained  loading  at  4,000  psi. 


F£gur>'  92.  Window  R,  Type  VI  during  relaxation  from  sustained  loading 
at  A«000  psl. 


Figure  93.  Window  Q,  Type  VI  during  sustained  loading  at  7,000  psl. 


Time  (hr> 

U'indow  Q,  Type  VI  during  relaxation  from  sustained  loading 
at  7,000  psi. 


2O.SO0in./iii.x  10'^ 


Figure  95.  Window  R,  Typo  VI  during  a sustninod  pressure  lending  nnd 
*F.he  subsequent;  retnxMion;  serein  on  the  interior  Care  at 
the  apex. 
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Defi.1  ition  of  Technical  Terms 


short-term  loading 
short-tc  ,ii  critical  pressure 

(srcp) 


long-term  or  static  loading 


cyclic  loading 


strain 

creep 


relaxation 


hoop  orientation  of  strains 
or  stresses 

meridional  orientation  of 
straiits  or  stresses 

total  strain 


short-tera  strain 
radial  displacement 


noroaiiaed  strain 


increasing  the  hydrostatic  pressure  at 
650  psi/minute  rate 

pressure  at  which  catastrophic  failure 
of  the  window  occurs  when  subjected  to 
short-term  hydrostatic  loading  at  75  F 
(24®C)  ambient  temperature 

pressurizing  the  window  to  <t  specified 
pressure  at  650  psi/minute  rate  and 
maintaining  that  pressure  for  specified 
number  of  hours 

pressurizing  the  window  repeatedly  to 
a specified  pressure  at  650  psi/minute 
rate,  maintaining  this  pressure  for 
a specified  number  of  hours,  depres- 
surizing at  650  psi  per  minute  to  0 
psl  and  allowing  the  window  to  relax 
for  a specified  number  of  hours  before 
repeating  the  procedure 

unit  deformation,  in. /in.  of  original 
length 

time  dependent  deformation  of  nutterial 
under  sustained  loading  of  constant 
(magnitude;  in. /in.  of  original  length 

time  dependent  restoration  of  material 
to  its  original  dimensions  under  absence 
of  external  loading;  in. /in.  of  original 
length 

direction  parallel  to  the  edge  of 
spherical  sector  window 

direction  at  right  angle  to  the  hoop 
direction;  meridional  lines  pass 
thro^tgh  the  apex 

total  deformation  of  material,  includes 
both  the  short  ter©  and  creep  components 
of  str.’fin;  in. /in.  of  ot  iginal  length 

deformation  of  mat. rial  under  short- 
term loading;  in. /in.  of  or igitml  length 

displacement  of  the  Interior  surf. ace 
at  the  apex  towards  the  center  of 
curvature  for  the  hemisphere 

strain  per  unit  increase  of  pressure 
under  sliort-term  loading;  in. /in. /psi 
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SCRIPPSINSmUtE  OF  OCEANOGRAPHY  LA  JOI4.A.CA  (ADAMS).  San  Dwgvt.  CA  iMaiMu  Pby  l.aE  SpnAst 
.STANFORD  UNIVERSITY  Sr.VNFOBD.  CA  (DDUOl  JkS) 

TEXAS  ARM  UNIVERSItY  STATION.  TX  (CE  DEPT).  t oBcge  tX  (CE  DefS.  HetPiebi 

BONNEVH4.E  POWER  ADMIN  Los  At^ttles  CA  iHannsek  Lab  of  B«n.  4k  Ocean) 

UNIVERSITY  OF  CAUFOKNIA  BERKELEY.  CA  (CE  DEPI.  MOCHEl  4.1.  RERKI  LEV.  CA  rOIE  BUS  AND 
FINANtE:.  SAUNDERS).  DAVIS.  CA  (CE  DEPI . TAYLOR).  SAN  DiEOO.  LA  JOSE  JL  CA  tSl  RlRlU) 

UNIVE4LSITY  OF  DELAWARE  Newark  DE  (Deri  UiOl  Eryuncetsi^  CWvvm) 

UNIVEftSit  Y OE  HAWAII  UONOlAJIAil.  HI  tSCIENCT  AND  TELM  DIV.) 
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UNIVERSITY  OF  ILLINOIS  URBANA,  IL  (LIBRARY) 

UNIVERSITY  OF  MASSACHUSETTS  (Heronemus),  Amherst  MA  CE  Dept 
UNIVERSITY  OF  MICHIGAN  Ann  Arbor  MI  (Richart) 

UNIVERSITY  OF  NEBRASKA-LINCOLN  LINCOLN,  NE  (SPLETTSTOESSER) 

UNIVERSITY  OF  NEW  HAMPSHIRE  DURHAM.  NH  (LAVOIE) 

UNIVERSITY  OF  PENNSYLVANIA  PHILADELPHIA,  PA  (SCHOOL  OF  ENGR  & APPLIED  SCIENCE,  ROLL) 
UNIVERSITY  OF  RHODE  ISLAND  KINGSTON,  Rt(PAZIS) 

UNIVERSITY  OF  TEXAS  Inst.  Marina  Sci  (Ubrary),  Port  Aransas  TX 

UNIVERSITY  OF  WASHINGTON  SEATTLE.  WA  (APPLIED  PHYSICS  LAB).  SEATTLE,  WA  (OCEAN  ENG 
RSCH  LAB.  GRAY).  SEAITLE,  WA  (PACIFIC  MARINE  ENVIRON.  LAB..  HALPERN) 

US  DEPT  OF  COMMERCE  NOAA,  Marine  & Earth  Sciences  Lib..  Rockville  MD 
UNIVERSITY  OF  CALIFORNIA  Berkeley  CA  (E.  Pearson),  U Jolla  C/  ( Acq.  Dept.  Lib.  C-075A) 

UNIVERSITY  OF  ILLINOIS  Honolulu  HI  (Dr.  Szilard) 

UNIVERSITY  OF  RHODE  ISLAND  Narragansett  RI  (Pell  Marine  Sci.  Lib.) 

US  GEOLOGICAL  SURVEY  Off.  Marine  Geology,  Mailstop915.  Reston  VA 

AEROSPACE  CORP.  Acquisition  Group.  Los  Angeles  CA 

ARCAIR  CO.  D.  Young,  Lancaster  OH 

ARVID  GRANT  OLYMPIA,  WA 

ATLANTIC  RICHFIELD  CO.  DALLAS,  TX  (SMITH) 

AUSTRALIA  Dept.  PW  (A.  Hicks),  Melbourne 
BECHTEL  CORP.  SAN  FRANCISCO.  CA  (PHELPS) 

BELGIUM  NAECON.  N.V.,  GEN. 

BETHLEHEM  STEEL  CO.  BETHLEHEM,  PA  (STEELE) 

BROWN  & ROOT  Houston  TX  (D.  Ward) 

CANADA  Can-Dive  Services  (English)  North  Vancouver,  Lockheed  Petrol.  Srv.  Ltd.,  New  Westminster  BC,  Mem 
Univ  Newfoundland  (Chari),  St  Johns.  Surveyor,  Nenninger  & Chenevert  Inc.. 

CHEVRON  OIL  FIELD  RESEARCH  CO.  LA  HABRA.  CA  (BROOKS) 

COLUMBIA  GULF  TRANSMISSION  CO.  HOUSTON.  TX  (ENG.  LIB.) 

DILINGHAM  PRECAST  F.  McHale.  Honolulu  HI 
DRAVO  CORP  Pittsburgh  PA  (Giannino) 

NORWAY  DET  NORSKS  VERITAS  (Library).  Oslo 

ESSO  PRODUCTION  RESEARCH  CORP.  HOUSTON.  TX  (RUNGE) 

EVALUATION  ASSOC.  INC  KING  OF  PRUSSIA.  PA(FEDELE) 

FRANCE  P.  Jensen,  Boulogne,  Pierre  Launay.  Boulogne-Billancourt,  Roger  LaCroi.x,  Paris 
GLOBAL  MARINE  DEVELOPMENT  NEWPORT  BEACH.  CA  (HOLLETT) 

GOULD  INC.  Shady  Side  MD  (Chcs.  Inst.  Div..  W.  Paul) 

GRUMMAN  AEROSPACE  CORP.  Bethpage  NY  (Tech.  Info.  Ctr) 

ITALY  M.  Caironi.  Milan,  Sergio Tationi  .Milano 

LAMONT-DOHERTY  GEOLOGICAL  OBSERV.  Palisades  NY  (McCoy).  Palisades  NY  (Sciwyn) 

LOCKHEED  MISSILES  & SPACE  CO,  INC.  SUNNYVALE.  CA  (PHILLIPS) 

MARATHON  OIL  CO  Houston TX(C.  Seay) 

MARINE  CONCRETE  STRUCTURES  INC.  MEFAIRIE.  LA  (INGRAHAM) 

NEWPORT  NEWS  SHIPBLIXI  & DRYD(X:K  CO.  Newport  News  VA  (Tech.  Lib.) 

NORWAY  A.  Torum,  Trondheim,  DE  C NORSKE  VERITAS  (Roren)  Oslo.  J.  Creed.  Ski.  J.D.  Holst.  Oslo. 

Norwegian  Tech  Univ  (Rrundtzaeg).  Trondheim 
OCEAN  DATA  SYSTEMS.  INC,  SAN  DIEGO.  CA  (SNODGRASS) 

OCEAN  ENGINEERS  SAUSALITO.  CA(RYNECKI) 

OCEAN  RESOURCE  ENG,  INC,  HOUSTON.  TX  (ANDERSON) 

OFFSHORE  DEVELOPMEN  r ENG.  INC,  BERKELEY.  CA.  Berkeley  CA 
PORTLAND  CEMEN 1 ASSOC.  Skokie  II.  (Rsch  & Dev  Ub.  Ub.) 

PRESCON  CORP  TOWSON.  MD(KELLER) 

PUERTO  RICO  Puerto  Rico  (Rsch  Lib.).  Mayuquez  PR 
RAND  CORP.  Santa  Monica  CA(A.  luiupa) 

SAN  1)1  A LABORATORIES  Library  Div..  l.ivcrmwe  CA 
SCHUPACK  ASSOC  SO.  NORWALK.  CT  (SCHUPACK) 

SEA  TECH  CORP.  MIAMI.  FL(PERONI) 

SHELl  DEVELOPMENT  CO,  Housuw  TX  (E.  Doyle) 

SHELL  OIL  CO,  HOUS  TON.  TX  (MARSHALL).  Hou-Miw  TX  (R.  dc  CuMongrene) 

-SWEDEN  VBB  (Library).  StiK'kholm 
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TIDKWATER  CONSTR.  C O Norfolk  VA  (Fowler) 

TRW  SYSTEMS  CLEVELAND.  OH  (ENG.  1 IB.).  REDONDO  BEACH.  CA  (DAI) 

UNITED  KINGDOM  D.  New.  G.  MuimMit  & P;irim:r%.  London.  Show  & Hatton  (F.  Han^tcn).  London.  Taylor. 
Woodrow  Constr  (UI4P).  Southall.  Middlesex.  Taylor.  WiHidri>w  Constr  (Stubbs).  Southall.  Middlesex.  Univ.  of 
Bristol  (R.  Morgan),  Bristol 

UNITED  TECHNOLOGIES  WindsiK  l.iK-ks  CT  (Hamilton  Std  Div..  Library) 

WESTINGHOUSE  ELECTRIC  CORP.  Anniipolis  MDtCXeanie  Div  Lib.  Bryan) 

WM  CLAPP  LABS  • BATTELLE  DUXBURY.  MA(L»DRARY).  DUXBURY.  MA  (RICHARDS) 

GREG  PAGE  EUGENE.  OR 


